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Electroactive PolYmer Devices for 
Controlling Fluid Flow 

U.S. GOVERNMENT RIGHTS 
This application was made in part with, government siqpport imder contract 

number N00014-00-C-0497 awarded by the Office of Naval Research. The 

5 government has certain rights in the invention. 

CROSS-REFERENCE TO RELATED APPLICATION 

This application claims priority under 35 U.S.C. §119(e) from co-pending 
U.S. Provisional Patent Application No. 60/362, 560 filed on March 5, 2002, by 
Heim, et al. and entitled, "Electroactive Polymer Devices for Controlling Fluid 

10 Flow," which is incorporated by reference for aU purposes; 

and the application is a continuation-in-part and claims priority from co- . 
pending U.S. Patent Application No. 09/792,431 entitled "Electroactive Polymer 
Thermal Electric Geaerators," filed February 23, 2001, which is incorporated herein 
by reference in its entu^ty for all purposes which claims priority under 35 U.S.C. 

15 §119(6) from U.S. Provisional Patent Application No. 60/184,217 filed February 23, 
2000, naming Q. Pei et al. as inventors, and titled "ELBCTROELASTOMERS AND 
THEIR USE FOR POWER GENERATION", which is incorporated by reference 
herein for all purposes and which also claims priority under 35 U.S.C. §1 19(e) from 
U.S. Provisional Patent ApphcationNo. 60/190,713 filed March 17, 2000, naming J. 

20 S. Eckerle et al. as inventors, and titled "ARTIFICIAL MUSCLE GENERATOR", 
which is incorporated by reference herein for aU purposes; 

and the q>plication is a continuation-in-part and claims priority from co- 
pending U.S. Patent Application No. 10/154,449 entitled "Rolled Electroactive 
Polymers," filed May 21, 2002, which is incorporated herein by reference in its 

25 entirety for all purposes which claims priority under 35 U.S.C. §n9(e) from U.S. 
Provisional Patent Application No. 60/293,003 filed on May 22, 2001, which is 
incorporated by reference for all purposes; 

and the application is a continuation-in-part and claims priority &om co- 
pending U.S. Patent ApplicationNo. 10/553,511 entitled "Variable Stiffiiess 
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Electroactive Polymer Systems," filed January 16, 2002 which is iacoiporated herein 
by reference in its entirely for all purposes which claims piionty under 35 U.S.C. 
§1 19(e) from U.S. Provisional Patent Application No. 60/293,005 filed May 22, 
2001 , which is incorporated by reference heretn for all purposes; and which claims 
5 priority under 35 U.S.C. §119(e) fix«tnU.S. Provisional Pataiti^Kcation No. 
60/327,846 entitled Enhanced Multifunctional Footwear and filed October 5, 2001, 
which is incorporated by reference herein for all purposes; 

and the ^plication is a continuation-in-part and claims priority from co- 
pending U.S. Patent Application No. 09/619,847 entitled "Improved Electroactive 
10 Polymers," filed July 20, 2000 which is incorporated herein by reference in its 
entirety for all purposes which claims priority under 35 U.S.C. §1 19(e) &om U.S. 
Provisional Patent Application No. 60/144,556 filed July 20, 1999, naming R. E. 
Pehine et aL as inventors, and titled "High-speed Electrically Actuated Polymers and 
Method of Use", which is incorporated by reference herein fpr all purposes and which 
15 claims priority under 35 U.S.C. §1 19(e) from U.S. Provisional Patent Application No. 
60/153,329 filed September 10, 1999, naming R. E. Pehine et al. as inventors, and 
titled "Electrostrictive Polymers As Microactuators", which is incorporated by 
reference herein for all purposes and which claims priority under 35 U.S.C. §1 19(e) 
from U.S. Provisional Patent Application No. 60/161,325 filed October 25, 1999, 
20 naming R. E. Pekine et al. as inventors, and titied "Artificial Muscle Microactuators", 
which is incorporated by reference herem for all purposes and which claims priority 
under 35 U.S.C. §119(e) fixim U.S. Provisional Patent Application No. 60/181,404 
filed February 9, 2000, naming R. D. Kombluh et al. as inventors, and titied 'Tidd 
Actuated Elastomeric Polymers", which is incorporated by reference herehi for all 
25 purposes and which claims priority under 35 U.S.C. §1 19(e) &om U.S. Provisional 
Patent Application No. 60/187,809 filed March 8, 2000, naming R. E. Pehine et al. as 
inventors, and titied "Polymer Actuators and Materials", which is incorporated by 
reference herein for all purposes; and which claims priority under 35 U.S.C. §119(e) 
from U.S. Provisional Patent AppUcationNo. 60/192,237 filed March 27, 2000, 
30 naming R. D. Kombluh et al. as inventors, and titied " Polymer Actuators and 

Materials 11", which is incorporated by reference herem for aU purposes and which 
claims priority imder 35 U.S.C. §1 19(e) firom U.S. Provisional Patent Application No. 
60/184,217 filed February 23, 2000, naming R. E. Pehine et al. as inventors, and 
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titled "Electroelastamers and their use for Power Generation", whichi is incorporated 
by reference herein for all purposes; 

and this application is a continuation-in-part and claims priority from co- 
pending U.S. Patent Application No. 10/007,705 entitled "Electroactive Polymer 

5 Sensors," filed December 6, 2001, which claims priority under 35 U.S.C. §1 19(e) 
from U.S. Provisional Patent Application No. 60/293,004 filed May 22, 200 1, which 
is incorporated by reference herein for all purposes and which is also a continuation 
in part of U.S. Patent Application No. 09/828,496, which claims priority from U.S. 
Provisional Application Number 60/194,817 filed April 5, 2000, all of which are 

10 incorporated by reference herein for all purposes; 

and this application is a continuation-in-part and claims priority &om co- 
pending U.S. Patent Application No. 10/066,407 entitled "Devices and Methods for 
Controlhng Fluid Flow Using Elastic Sheet Deflection," filed January 31, 2002, 
which is incorporated by reference herein for all purposes. 

15 

BACKGROUND OF THE INVENTION 

The present invention relates generally to electroactive polymer devices that 
convert between electrical energy and mechanical energy. More particularly, the 
present invention relates to fiuidic communication control devices and systems 
20 comprising one or more electroactive polymer transducers. 

Fluid systems are ubiquitous. The automotive industry, the plumbing 
industry, chemical processing industry and the aerospace industry are a few 
examples where fluid systems are of critical importance. In fluid systems, it is 
often desirable to control properties of a fluid flow in the fluid system to improve 
25 a performance or efBciency of the fluid system or to control the fluid in the fluid 
system in manner that allows the fluid system to operate properly. 

As an exaniple, in the automotive industry, the demand for higher power, 
better fiiel economy, and reduced emissions from automobiles calls for continued 
unprovement of automobile components, in particular, the need for reduced size, 
30 weight, and costs of automotive consonants "under the hood." Additionally, the 
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demand for power, fuel economy and reduced emissions often results in 
conflicting requirements for engine performance. For example, higher power 
usually comes at the e}q>ense of fuel economy and/or emissions. Therefore, 
engine components must also have flexible operating characteiistics to achieve 
5 performance at different speed ranges. 

A significant number of components under the hood of an automobile 
serve the function of controlling fluid flow in a manner that relates to engine 
performance and emissions. Flow control devices are found in different parts of 
the engine and various engine subsystems including the fuel injection system, the 
10 air intake system, the cooling system, and the exhaust system. 

For instance, the operating characteristics of the intake and exhaust valves 
for the combustion chamber are important to engine performance. The intake 
valve opens at pnspesi: times to let air/fuel mixture into the combustion chamber 
and the exhaust valve opens at proper times to let out the exhaust. The valve 

15 timing and lift (amount of valve opening) characteristics of an engine has a major 
influence on engine perfonnance at different speed ranges. Current engines have 
fixed valve timing and lift so performance is a compromise between power and 
fuel economy. The engine performance at different speeds can be optimized by 
employing variable timing and valve lift. However, conventional actuator 

20 technology, such as solenoids and hydraulics, are expensive, heavy, and complex 
at the power levels required to actuate intake and exhaust valves. Thus, variable 
timing and valve hft has not been heavily utilized in the automotive industry. The 
hmitations of conventional actuator technology, such as cost and weight, are 
important in many fluid control applications besides the automotive industry. For 

25 mstance, wei^t and cost are usually critical considerations in aerospace 
applications. 

New high-performance polymers capable of converting electrical energy to 
mechanical energy, and vice versa, are now available for a wide range of energy 
conversion applications. One class of these polymers, electroactive elastomers (also 
30 called dielectric elastomers, electroelastomers, or EPAM), is gaining wider attention. 
Electroactive elastomers may exhibit high energy density, stress, and 
electromechanical coupling efficiency. The performance of these polymers is notably 
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increased when the polymers are prestrained in area. For example, a 10-fold to 25- 
fold increase in area significantly improves performance of many electroactive 
elastomers. Actuators and transducers produced using these materials can be 
si gnifi cantly cheaper, lighter and have a greater operation range as conq>ared to 
5 conventional technologies used in fluid control applications. 

Hius, improved techniques for implementing these high-pafonnance 
polymers in fluid control applications would be desirable. 

SUMMARY OF THE INVENTION 

10 

The invention describes devices for controlling fluid flow, such as valves. The 
devices may include one or more electroactive polymer transducers with an 
electroactive polymer that deflects in response to an application of an electric field. 
The electroactive polymer may be in contact with a fluid where the deflection of the 

15 electroactive polymer may be used to change a characteristic of the fluid. Some of the 
characteristic of the fluid ttiat maybe changed include but are not limited to 1) a fluid 
flow rate, 2) a fluid flow direction, 3) a fluid flow vorticity, 4) a fluid flow 
momentum, 5) a fluid flow mixing rate, 6) a fluid flow turbulence rate, 7) a fluid flow 
energy, 8) a fluid flow thermodynamic property. The electroactive polymer may be a 

20 portion of a surfece of a structure that is immersed in an external fluid flow, such as 
the surface of an airplane wing or the electroactive polymer may be a portion of a 
surfiace of a structure used in an internal flow, such as a bounding surface of a fluid 
conduit. 

One aspect of the present invention provides device for controlling a fluid. 

25 The device may be generally characterized as comprising: 1) one or more transducers, 
each transducer comprising at least two electrodes and a electroactive polymer in 
electrical communication with the at least two electrodes wherein a portion of the 
electroactive polymer is arranged to deflect from a first position with a first area to a 
second position with a second area in response to a change in electric field; 2) at least 

30 one surface in contact with a fluid and operatively coupled to the one or more 

transducers wherein ttie deflection of the portion of the electroactive polymer causes a 
change in a characteristic of the fluid that is transmitted to the fluid via the one 
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surface. The characteristic of the fluid that may be changed inchides but is not limited 
to a fluid flow rate, 2) a fluid flow direction, 3) a fluid flow vortieity, 4) a fluid flow 
momentum, 5) a fluid flow mixing rate, 6) a fluid flow turbulence rate, 7) a fluid flow 
energy, 8) a fluid flow thermodynamic property. 

5 In particular embodiments, the deflection of the portion of the electroactive 

polymer may change the one surface jfrom a first shape to a second shape. For 
instance, the one surface may expand to form one of a balloon-like shape, a 
hemispherical shape, a cylinder sh^e, or a half-cylinder shape. The one surfece may 
be operatively coupled to the one or more transducers via a mechanical linkage. 

10 Further, the one surface may be an outer sur&ce of the portion of the electroactive 
polymer. 

The fluid maybe compressible, incompressible or combinations thereof The 
fluid may also be one of homogeneous or heterogeneous. Further, the fluid may 
behave as a Newtonian fluid or a non-Newtonian fluid. The fluid is selected from the 

15 group consisting of a mixture, a slurry, a suspension, a mixture of two or more 
immiscible liquids and combinations thereof The fluid may include one or 
constituents in a state selected from the group consisting of a liquid, a gas, a plasma, a 
solid, a phase change and combinations thereof. 

In a particular embodiment, the fluid may flow over the one surface. The 

20 deflection of the portion of the electroactive polymer may change the shape of the one 
surface to alter a properly of a viscous flow layer of the fluid flow or to alter a 
property of an inviscid flow layer of the fluid flow. Further, the deflection of the 
portion of the electroactive polymer may change the shape of the one surfece to 
promote mixing of constituents in the fluid or to block the fluid flow. In addition, the 

25 deflection of the portion of the electroactive polymer may cause a change in 

temperature of the one surflice or a change in a surface roughness of the one surface. 
For example, the one sui&ce may fiirther comprise an array of microscopic 
electroactive polymer elements where a deflection of the microscopic electroactive 
polymer elements from a first position to a second position changes a surfece 

30 rou^ess of the one surfece. Yet further, the deflection of the portion of the 
electroactive polymer may cause the one surfece to stretch or contract to alter a 
relative smoothness of the one surface where the relative smoothness of the one 
surfeces affects a drag on a fluid flowmg over the one surfece. 
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In other embodiment, the device may further comprise a fluid conduit 
configured to allow fluid to flow j&om an inlet of the fluid conduit to an exit of the 
fluid conduit and pass over the one surface between the inlet and the exit and wherein 
a bounding surfece of the fluid conduit separates the fluid from an outer environment. 
5 in this case, the one surface may be an outer surface of the portion of the electroactive 
polymer and also a portion of the bounding surfece of the fluid conduit. The 
deflection of the portion of the electroactive polymer may cause a shape of the 
bounding surface of the fluid conduit to change. For instance, the shape of the fluid 
conduit may be changed to increase the distance the fluid travels from the inlet to the 
10 exit. Further, the shape of the fluid conduit may change dynamically as a function of 
time. For example, the shape of the fluid conduit may be changed to increase or 
decrease a cross-sectional area of a section of the fluid conduit where the shape of the 
cross-sectional area is selected from the groiq) consisting of circular, ovular, 
rectangular and polygonal. The shapes of two or more portions the bounding surfece 
15 of the fluid conduit may be changed independently in resfponse to .tibie deflection of the 
portion of the polymer in the one or more transducers. Also, the deflection of the 
portion of the polymer causes abounding suifece of the polymer to rotate torsionally. 

In yet other embodiments, the bounding surface of the fluid conduit may be 
comprised of a rolled electroactive polymer transducer with a hollow center. Further, 
20 one or more transducers may be arranged to deflect in a maimer that pinches a portion 
of an outer perimeter of a section of the fluid conduit to block the fluid flow in the 
conduit where the one or more transducers may be configured in a sleeve designed to 
fit over the outer perimeter of a section of the fluid conduit In another embodiment, 
the deflection in the portion of the electroactive polymer may cause the one surfece to 
25 expand to block the flow in the fluid conduit, to expand to increase or decrease the 
flow in the fluid conduit, to racpand to divert flow in the fluid conduit from a first 
channel to a second channel connected to the fluid conduit. 

In a particular embodiment, a portion of the fluid conduit is a nozzle body for 
expanding the fluid fix)m a throat area in flie fluid conduit to an exit of the nozzle 
30 body. The deflection in the portion of the electroactive polymer may cause the nozzle 
body to expand or contract to change an expansion rate of the fluid in the nozzle body 
and a velocity proflle of the fluid at the exit of the nozzle body. Further, the deflection 
of the portion of the electroactive polymer causes a cross sectional shape of the 
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nozzle body to change &om a first slaspe to a second shape. In addition, the deflection 
of the portion of the electroactive polymer causes a raoss section shape of the throat 
area to change from a first sh^e to a second shape. Yet further, the deflection of the 
portion of the electroactive polymer causes the nozzle body to bend to change a 

S direction of the fluid exiting the nozzle. 

The device may also comprise one or more sensors connected to the device 
for detecting a property of the fluid where the property of the fluid is selected from 
the group consisting of a temperature, a pressure, a concentration of a constituent of 
the fluid, a velocity of the fluid, a density of the fluid and flow rate of the fluid. 

10 Further, the device may also include one or mores sensors connected to the device for 
monitoring one or more of a temperature, a pressure, the deflection of the portion of 
the polymer, a charge on the portion of flie polymer, a voltage on the portion of the 
polymer. In addition, the device may comprise a logic device for at least one of: 1) 
controlling operation of the transducer, 2) monitoring one or more sensors, 3) 

15 communicating with other devices, and 4) combinations thereof. Also, the device may 
comprise conditioning electronics designed or configured to perform one or more of 
the following functions for the electroactive polymer: voltage step-up, voltage step- 
down and charge controL 

In other embodiments, the polymer may comprise a material selected from the 

20 group consisting of a silicone elastomer, an acrylic elastomer, a polyurethane, a 

copolymer comprising PVDF, and combinations thereof The device may include an 
insulation barrier designed or configured to protect tixe one sur£ice fixnn constituents 
of the fluid in contact with the one surface or one or more support structures designed 
or configured to attach to the one or more transducers. The electroactive polymer may 

25 be elastically pre-strained at the first position to improve a mechanical response of the 
electroactive polymer between the first position and second position, may an elastic 
modulus below about 100 MPa and may have an elastic area strain of at least about 
10 percent between the first position and the second position. 

The polymer may comprise a multilayer structure where the multilayer 
30 structure comprises two or more layers of electroactive polymers. The device may be 
fabricated on a semiconductor substrate. The device may be a valve. Further, the one 
surfece is part of a surface of vane for continuing a direction of a flow of the fluid 

8 
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where the deflection of the portion of the polymer changes an orientation of the vane 
in the fluid flow. 

Another aspect of the present invention provides a valve. The valve may be 
generally characterized as comprising 1) one or more transducers, each transducer 

5 comprising at least two electrodes and a electroactive polymer in electrical 

conununication with the at least two electrodes wherein a portion of the electroactive 
polymer is arranged to deflect firom a first position with a first area to a second 
position with a second area in response to a change in electric field; 2) an inlet and an 
exit for allowing a fluid to enter the valve and exit the valve; 3) a flow path between 

10 the inlet and exit that allows a fluid to pass through the valve; 4) a structure 

operatively coupled to the one or more transducers wherein the deflection of the 
portion of the electroactive polymer causes an operating position of the structure to 
change and wherein a change in the operating position of the structure changes the 
flow path. The structure may be designed to have two operating positions where when 

15 structure is in the first operating position, the flow path is closed and where when the 
structure is in the second operating position, the flow path is open. Also, the stiiicture 
may be designed to have a plurality of operating positions. The deflection of the 
portion of the electroactive polymer may change the structure fix>m a first sh^e to a 
second shape. 

20 hi particular embodiments, the change in the operating position of the 

structure may change a cross-sectional area of the flow path for at least one location 
along tihe flow path. The valve may also comprise a valve seat wherein the deflection 
of the portion of the polymer causes flie structure to contact the valve seat. The valve 
may be a diaphragm valve and the structure may be a disqphragjn. When the valve is a 

25 diaphragm valve, the structure may be the electroactive polymer in a shape of a 

diaphragm. In general, the electroactive polymer may be apart of the structure. The 
valve may also be a needle valve where the structure is a conical in shape. The valve 
may be a ball valve where the structure is spherical in shape or a plug valve where the 
structure is plug-shaped. In general, the valve may be one of a check valve, a buttery 

30 fly valve, a pressure reUef valve, a needle valve, a control valve, a slot valve, a rotary 
valve, engine in-take valve and an engine exhaust valve. 

hi other embodiments, the structure may further include a fluid conduit that is 
a section of the flow path. The deflection of the portion of the polymer causes the 
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Structure to rotate from a first operating position to a second operating position where 
in Hie first operating position Ihe fluid conduit in the structure is aligned wilJi the flow 
path outside of the structure and the flow path through the valve is open. In the 
second operating position, the fluid conduit may not be aHgned with the flow path 
5 outside of the structure and the flow path through the valve is blocked. In addition, 
the deflection of the portion of the polymer may canse the structure to move linearly 
from a first operating position to a second operating position. When the structure is in 
the first operating position, the fluid conduit in the stmcture may be aHgned with the 
flow path outside of the structure and the flow path through the valve is open. When 
10 the structure is in the second operating position, the fluid conduit is not aligned with 
flie flow path outside of the structure and the flow path through the valve is blocked. 
The valve may be a slot valve and the fluid conduit is a slot 

In yet other embodiments, the structure is an electroactive polymer roll where 
a section of the flow path is through the center of the polymer roll. Further, the 
15 portion of the electroactive polymer may be a boimding surfece in the flow path The 
valve may comprise one or more sensors where an input signal from the one or more 
sensors is used to determine the operating position of the struchare. The valve may be 
a multi-port valve and the operating position of tiie structure allows the flow path to 
align with one of a plurality of ports. The valve may furlher comprise a logic device 
20 for at least one of: 1) contirolhng operation of the valve, 2) monitoring one or more 
sensors, 3) communicating with other devices, and 4) combinations thereof or 
conditioning electronics designed or configured to perform one or more of the 
following fimctions for the electroactive polymer: voltage step-up, voltage step-down 
and charge contiral. The valve may include a force mechanism, which provides a 
25 force in a direction opposite to a direction of a second force sailed to the stiructure 
by the deflection of the portion of the electroactive polymer. The force mechanism 
maybe a spring. 

These and other features and advantages of the present invention will be 
described m the following description of the invention and associated figures. 

30 

BRIEF DESCRIPTION OF THE DRAWINGS 
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FIGs. 1 A and IB iUustrate a top view of a transducer portion before and after 
application of a voltage, respectively, in accordance wilii one embodiment of the 
present invention. 

FIGs. 2A-2F illustrate Electroactive Polymer (EPAM) flow control devices 
5 where the EPAM devices coinprise a portion of the boundiiigsurfece of surface of a 
fluid conduit 

FIGs. 2G-2J illustrate EPAM flow control devices where the EPAM device is 
used to control a flow rate in a fluid conduit. 

FIG. 2K illustrate an EPAM flow control device for mixing and dispensing of 

10 a fluid. 

FIGs. 2L and 2M illustrate an EPAM flow control device used to control a 
direction of a fluid traveling through a conduit. 

FIG. 2N iUustrate aa EPAM flow control devices used to change a surface 
roughness of a fluid conduit, impress wave patterns in a flow in a fluid conduit or 
15 block a fluid conduit. 

FIGs. 20-2R illustrate an EPAM flow control devices used in a nozzle 
application. 

FIGs. 3 A-3M illustrate an EPAM flow control devices used in a variety of 
different valve 

20 FIGs. 4A-4D illustrate a rolled electroactive polymer device in accordance 

with one embodiment of the present mvention. 

FIG. 4E illustrates an end piece for the roUed electroactive polymer device of 
FIG. 2 A in accordance with one embodimeat of the present invention. 

FIG 4F illustrates a bending transducer for providing variable stiffiiess based 
25 on structural changes related to polymer deflection in accordance with one 
embodimeat of the present invention. 

FIG. 4G illustrates llie transducer of FIG. 4A with a 90 degree bending angle. 
FIG. 4H illustrates a bow device suitable for providing variable stiffiiess in 
accordance with another embodimeat of the present invention. 
30 FIG. 41 illustrates the bow device ofFIG.4C after actuation. 
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FIG. 4J illustrates a monolithic transducer conq)iising a plurality of active 
areas on a single polymer in accordance with one embodiment of the present 
invention. 

FIG. 4K illustrates a monoUlhic transducer comprising a plurality of active 
5 areas on a single polymer, before rolling, in accordance with one embodiment of the 
present invention. 

FIG. 4L illustrates a rolled transducer that produces two-dimensional output in 
accordance with one environment of the present invention. 

FIG. 4M illustrates the rolled transducer of FIG. 4L with actuation for one set 
10 ofradially aligned active areas. 

FIG. 4N illustrates an electrical schematic of an open loop variable 
stif&iess/damping system in accordance with one embodiment of the present 
invention. 

FIG. 5 A is block diagram of one or more active areas connected to power 
15 conditioning electronics. 

FIG. 5B is a circuit schematic of a device employing a rolled electroactive 
polymer transducer for one embodiment of the present invention. 

FIG. 6 is a schematic of a sensor en:q)loying an electroactive polymer 
transducer according to one embodiment of the present invaition. 

20 

DETAILED DESCKEPnON OF THE PREFERRED 
EMBODIMENTS 

The presaot invention is described in detail with reference to a few preferred 
embodiments as illustrated in the accompanying drawings. In the following 

25 description, numerous specific details are set forth in order to provide a thorough 

understanding of the present invention. It will be i^arent, however, to one skilled in 
the art, that the present invention maybe practiced without some or all of these 
specific details. In other instances, well known process steps and/or structaires have 
not been described in detail in order to not unnecessarily obscure the present 

30 invention. 
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1 . ELECTRO ACTIVE POLYMERS 

Before describing electroactive polymer ^PAM) flow control devices of the 
present inveation, the basic principles of electroax:tive polymer construction and 
operation will first be illuminated in regards to FIGs. 1 A and FIGs. IB. Embodiments 
of flow control devices and systems of the present invention are described with 
respect to FIGs. 2A-2M and 3A-3M in the following section. The transformation 
between electrical and mechanical energy in devices of the present invention is based 
on energy conversion of one or more active areas of an electroactive polymer. 
Electroactive polymers are capable of converting between mechanical energy and 
electrical energy. In some cases, an electroactive polymer may change electrical 
properties (for example, capacitance and resistance) with changing mechanical straiiL 

To help illustrate the performance of an electroactive polymer in converting 
between electrical energy and mechanical energy, FIG. 1 A illustrates a top 
15 perspective view of a transducer portion 1 0 in accordance with one embodiment of 
the present invention. The transducer portion 10 comprises aportion of an 
electroactive polymer 12 for converting between electrical energy and mechanical 
energy. In one embodiment, an electroactive polymer refers to a polymer that acts as 
an insulating dielectric between two electrodes and may deflect upon application of a 
20 voltage difference between the two electrodes (a 'dielectric elastomer'). Top and 
bottom electrodes 14 and 16 are attached to the electroactive polymer 12 on its top 
and bottom surfeces, respectively, to provide a voltage difference across polymer 12, 
or to receive electrical energy fix)m the polymer 12. Polymer 12 may deflect with a 
change in electric field provided by the top and bottom electrodes 14 and 16. 
25 Deflection of the transducer portion 10 in response to a change in electric field 

provided by the electrodes 14 and 16 is referred to as 'actuation'. Actuation typically 
involves the conversion of electrical energy to mechanical energy. As polymer 12 
changes in size, the deflection may be used to produce mechanical work. 

Without wishing to be bound by any particular theory, in some embodiments, 
30 the polymer 12 may be considered to behave in an electrostrictive manner. The term 
electrostrictive is used here in a generic sense to describe the stress and strain 
response of a material to the square of an electric field. The term is often reserved to 
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refer to flie strain response of a material in an electric field that arises fiom field 
induced intra-molecular forces but we are using the term more generally to refer to 
other mechanisms that may result in a response to the square of the field. 
Electrostriction is distinguished from piezoelectric behavior in that the response is 

5 proportional to the square offhe electric field, rather than proportional to Hie field. 
The electrostrictiQa of a polymer with compliant electrodes may result fiom 
electrostatic forces generated between free charges on the electrodes (sometimes 
referred to as "Maxwell stress") and is proportional to the square of the electric field. 
The actual strain response m this case may be quite complicated depending on the 

10 internal and external forces on the polymer, but the electrostatic pressure aiid stresses 
are proportional to the square of the field. 

FIG. IB illustrates a top perspective view of the transducer portion 1 0 
including defiectioiL M general, deflection refers to any displacement, expansion, 
contraction, torsion, linear or area strain, or any other deformation of a portion of the 

IS polymer 12. For actuation, a change in electric field corresponding to the voltage 
difference applied to or by the electrodes 14 and 16 produces mechanical pressure 
within polymer 12. In this case, the unlike electrical charges produced by electrodes 
14 and 16 attract each other and provide a compressive force between electrodes 14 
and 16 and an expansion force on polymer 12 in planar directions 18 and 20, causing 

20 polymer 1 2 to compress between electrodes 14 and 1 6 and stretch in the planar 
directions IS and 20. 

Electrodes 14 and 16 are compUant and change shape with polymer 12. The 
configuration of polymer 12 and electrodes 14 and 16 provides for increasing 
polymer 12 response with deflection. More specifically, as the transducer portion 10 

25 deflects, compression of polymer 12 brings the opposite charges of electrodes 14 and 
16 closer and the stretching of polymer 12 sq>arates similar charges in each electrode. 
In one embodiment, one of the electrodes 14 and 16 is ground. For actuation, the 
transducer portion 10 generally continues to deflect until mechanical forces balance 
the electrostatic forces driving the deflectioiL The mechanical forces include elastic 

30 restoring forces of the polymer 12 material, flie compliance of electrodes 14 and 1 6, 
and any external resistance provided by a device and/or load coupled to the 
transducer portion 10, etc. The deflection of the transducer portion 10 as a result of 
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an applied voltage may also depend on a number of other factors such as the polymer 
12 dielectric constant and the size of polymer 12. 



Electroactive polymers in accordance with the present invention are capable 
of deflection in any direction. After plication of a voltage between the electrodes 

5 14 and 16, the electroactive polymer 12 increases in size in both planar directions 1 8 
and 20. In same cases, the electroactive polymer 12 is incompressible, e.g. has a 
substantially constant volume under stress. In this case, the polymer 12 decreases in 
tiiickness as a result of tibie e:q)aDsion in the planar directions 18 and 20. It should be 
noted that the present invention is not limited to incompressible polymers and 

10 deflection of the polymer 12 may not conform to such a simple relatioi^hip. 

Application of a relatively large voltage difference between electrodes 14 and 
16 on the transducer portion 10 shown in FIG. lA will cause transducer portion 10 to 
change to a thinner, larger area shape as shown in FIG. IB. In this manner, the 
transducer portion 10 converts electrical enjergy to mechanical energy. The 

15 transducer portion 10 may also be used to convert mechanical energy to electrical 
energy. 

For actuation, the transducer portion 10 generally continues to deflect mtil 
mechanical forces balance the electrostatic forces driving the deflection. The 
mechanical forces include elastic restoring forces of the polymer 12 material, the 

20 compliance of electrodes 14 and 16, and any external resistance provided by a device 
and/or load coupled to the transducer portion 10, etc. The deflection of the transducer 
portion 10 as a result of an applied voltage may also depend on a number of other 
fectors such as the polymer 12 dielectric constant and the size of polymer 12. 

In one embodiment, electroactive polymer 12 is pre-strained. Pre-strain of a 

25 polymer may be described, in one or more directions, as the change in dimension in a 
direction after pre-straining relative to the dimension in that direction before pre- 
straining. The pre-strain may comprise elastic deformation of polymer 12 and be 
formed, for example, by stretching the polymer in tension and fixing one or more of 
the edges while stretched. Alternatively, as will be described in greater detail below, 

30 a mechanism such as a spring may be coupled to different portions of an electroactive 
poljmier and provide a force that strains a portion of the polymer. For many 
polymers, pre-strain improves convCTsion between electrical and mechanical energy. 
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The improved mechanical response enables greater mechanical work for an 
electroactive polymer, e.g., larger deflections and actuation pressures. In one 
embodiment, presttain improves the dielectric strength of the polymer. In another 
embodiment, the prestrain is elastic. After actuation, an elastically pre-strained 
polymer could, in principle, be unfixed and return to its original state. 

In one embodiment, pre-strain is applied unifomily over a portion of polymer 
12 to produce an isotropic pre-strained polymer. By way of example, an acrylic 
elastomeric polymer may be stretched by 200 to 400 percent in both planar directions. 
In another embodiment, pre-strain is applied unequally in different directions for a 
portion of polymer 12 to produce an anisotropic pre-strained polymer. In this case, 
polymer 12 may deflect greater in one direction than another when actuated. While 
not wishing to be bound by theory, it is beUeved that pre-straining a polymer in one 
direction may increase the stiffiiess of Ihe polymer in the pre-strain direction. 
Correspondingly, the polymer is relatively stiffer in the high pre-straan direction and 
more compUant in the low pre-strain direction and, upon actuation, more deflection 
occurs in the low pre-strain direction. In one embodiment, the deflection in direction 
1 8 of tansducer portion 10 can be enhanced by exploiting large pre-strain in the 
perpendicular direction 20. For example, an acrylic elastomeric polymer used as the 
transducer portion 10 maybe stretched by 10 percent in direction 18 and by 500 
percent in the perpendicular direction 20. The quantity of pre-stram for a polymer 
may be based on the polymer material and the desuBd performance of the polymer in 
an application. Pre-strain suitable for use with the present invention is further 
described in commonly owned, co-pending U.S. Patent Application No. 09/619,848, 
which is incorporated by reference for all purposes. 

Generally, after the polymer is pre-strained, it may be fixed to one or more 
objects or mechanisms. For a rigid object, the object is preferably suitably stiff to 
maintain the level of pre-strain desired in the polymer. A spring or other suitable 
mechanism that provides a force to strain the polymer may add to any prestrain 
previously established in the polymer before attachment to the spring or mechanisms, 
or may be responsible for all tiie prestrain in the polymer. The polymer may be fixed 
to the one or more objects or mechanisms according to any conventional method 
known in the art such as a chemical adhesive, an adhesive layer or material, 
mechanical attachment, etc. 
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Transducers and pie-strained polymers of the present invention are not limited 
to any particular rolled geometry or type of deflection. For example, the polymer and 
electrodes may be formed into any geometry or sh^e including tubes and multi-layer 
rolls, roUed polymers attached between multiple rigid structures, rolled polymers 
attached across a frame of any geometry - including curved or complex geometries, 
across a frame having one or more joints, etc. Similar stiiictures may be used with 
polymers in flat sheets. Deflection of a transducer according to the present invention 
includes linear expansion and compression in one or more directions, bending, axial 
deflection when the polymer is rolled, deflection out of a hole provided on an outer 
cylindrical around the polymer, etc. Deflection of a transducer may be affected by 
how the polymer is constrained by a frame or rigid structures attached to the polymer. 

Materials suitable fiar use as an electcoactive polymer with the present 
invention may include any substantially insulating polymer or rubber (or combination 
thereof) that definms in response to an electrostatic force or whose defimnaticm 
results in a change in electric field. One suitable material is NuSilCFl 9-21 86 as 
provided by NuSil Technology of Caipenteria, CA. Other exemplary materials 
suitable for use as a pre-strained polymer include silicone elastomers, acrylic 
elastomers such as VHB 4910 acryUc elastomer as produced by 3M Corporation of 
St. Paul, MN, polyurethanes, thermoplastic elastomers, copolymers comprising 
PVDF, pressure-sensitive adhesives, fluoroelastomers, polymers comprising siUcone 
and acrylic moieties, and the like. Polymers comprising silicone and acrylic moieties 
may include copolymers comprising silicone and acryUc moieties, polymer blends 
comprising a silicone elastomer and an acrylic elastomer, for example. Combinations 
of some of these materials may also be used as the electcoactive polymer in 
transducers of this invention. 

Materials used as an electroactive polymer may be selected based on one or 
more material properties such as a high electrical breakdown strength, a low modulus 
of elasticity- (for large or small deformations), a high dielectric constant, etc. hi one 
embodiment, the polymer is selected such that is has an elastic modulus at most about 
100 MPa. In another embodiment, the polymer is selected such that is has a 
maximum actuation pressure between about 0.05 MPa and about 10 MPa, and 
preferably between about 0.3 MPa and about 3 MPa. In another embodiment, tiie 
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polymer is selected such that is has a dielectric constant between about 2 and about 
20, and preferably between about 2.5 and about 12. 

An electroactive polymer layer in transducers of the present invention may 
have a wide range of thicknesses. In one embodiment, polymer tiiickness may range 
5 between about 1 micrometer and 2 millimeters. Polymer thickness may be reduced 
by stretching the fihn in one or both planar directions, hi many cases, electroactive 
polymers of the present mvention may be fabricated and implemented as thin fihns. 
Thicknesses suitable for these thin films may be below 50 micrometers. 

As electroactive polymers of the present invention may deflect at high strains, 
10 electrodes attached to the polymers should also deflect without compromising 

mechanical or electrical perfonnance. Generally, electrodes suitable for use wifli the 
present invention may be of any shape and material provided that they are able to 
supply a suitable voltage to, or receive a suitable voltage from, an electroactive 
polymer. The voltage may be either constant or varying over time. In one 
15 embodiment, the electrodes adhere to a surface of tiie polymer. Electrodes adhering 
to the polymer are preferably comphant and conform to the changing shape of the 
polymer. Correspondingly, the present invention may include comphant electirodes 
that conform to the shape of an electroactive polymer to which they are attached. The 
electrodes maybe only appUed to a portion of an electix)active polymer and define an 
20 active area according to their geometry. Several examples of electrodes that only 
cover a portion of an electroactive polymer will be described in further detail below. 

Various types of electrodes suitable for use with Ihe present invention are 
described in commonly owned, co-pending U.S. Patent Apphcation No. 09/619,848, 
which was previously incorporated by reference above. Electrodes described therein 
25 and suitable for use with the present invention include structured electrodes 

comprising metal traces and charge distribution layers, textured electrodes comprising 
varying out of plane dimensions, conductive greases such as carbon greases or silver 
greases, colloidal suspensions, high aspect ratio conductive materials such as carbon 
fibrils and carbon nanotubes, and mixtures of ionically conductive materials. 
30 Materials used for electrodes of the present invention may vary. Suitable 

materials used in an electrode may include grsphite, carbon black, colloidal 
suspensions, thin metals including silver and gold, silver filled and carbon filled gels 
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and polymers, and ionically or electronically conductive polymers. In a specific 
embodiment, an electrode suitable for use with the present invention comprises 80 
percent carbon grease and 20 percent carbon black in a silicone rubber binder such as 
Stockwell RTV60-CON as produced by Stockwell Rubber Co. Inc. of Philadelphia, 
5 PA. The carbon grease is of the type such as NyoGel756G as provided by Nye 
Lubricant Inc. of Fairhaven, MA. The conductive grease may also be mixed with an 
elastomer, such as siHcon elastomer RTV 118 as produced by General Electric of 
Waterford, NY, to provide a gel-like conductive grease. 

It is understood that certain electrode materials may work well with particular 
10 polymers and may not work as well for others. By way of example, carbon fibrils 
work well with acrylic elastomer polymers while not as well with silicone polymers. 
For most transducers, desirable properties for the compliant electrode may include 
one or more of the foUowing: low modulus of elasticity, low mechanical damping, 
low surfece resistivity, uniform resistivity, chemical and environmental stability, 
15 chemical compatibility with the electroactive polymer, good adherence to the 
electroactive polymer, and the ability to form smooth surfaces. In some cases, a 
transducer of the present invention may implement two difiEerent types of electrodes, 
e.g. a different electrode type for each active area or different electrode types on 
opposing sides of a polymer. 

20 

2. EPAM Flow Control Devices 

In the present, EPAM flow control devices may be used to alter one or more 
characteristics of an internal flow, such as the flow of a fluid as it moves through a 
conduit or an extemal flow, such as the flow over an airplane wing. An EPAM flow 

25 conbrol device, refers to a device that regulates, affects or controls fluidic 

corhmunication of gases, liquids and/or loose particles through or around one or more 
struchn-es and includes one or more EPAM transducers. The characteristics of the 
flow may be altered by changing the properties of one or more surfeces in contact 
with the fluid via operation of the one or more EPAM transducers. Some 

30 characteristics of a fluid fliat may be altered include but are not limited to 1) a flow 
rate, 2) a flow direction, 3) a flow vorticity, 4) a flow momentum or velocity, 5) a 
flow mixing rate, 6) a flow turbulence rate, 7) a flow energy and 8) a flow 
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thermodynamic property. TypicaUy, tibie EPAM flow control devices described in the 
presort invention do not provide a driving force, such as a pressure gradient, that 
moves the bnlk fluid between locations. However, the present invention is not so 
limited and may also be used to provide a driving force to the fluid. 

The fluids of the present invention may include materials in states of a liquid, 
a gas, a plasma, a phase change, a solid or combinations thereof. The fluid may 
behave as a non-Newtonian fluid or a Newtonian fluid. Further, the fluid may be 
homogenous or heterogeneous. Also, the fluid may be incompressible or 
compressible. Examples of fluids in the present invention include but are not limited 
to 1) mixtures, 2) slurries, 3) suspensions and 4) flows of two or more umniscible 
liquids. 

FIGs. 2A-2F illustrate EPAM flow control devices where the EPAM comprise 
a portion of the bounding surface of surface of a fluid conduit used m an internal flow 
system. The fluid conduit separates Ihe fluid in the conduit from an external 
environment. Alttiough not shown, when the EPAM flow control devices may be 
used in an external flow where the HPAM comprises a bounding surface of a structure 
in the external flow. 

hi FIG. 2A, a section of a fluid conduit 300 is shown. The fluid conduit 300 
mcludes an inlet 304 and an exit 305. A general direction of a flow of a fluid mside 
the conduit is mdicate by the arrows 306. The fluid conduit 300 may be a component 
in a larger fluid system. The fluid conduit is comprised of abounding sur&ce 303 that 
separates fluid flowing in the conduit 300 from an external CTvironment. A cross 
section 301 of the fluid conduit at the mlet is circular. However, in general, the cross 
section does not have to be circular and may be a polygon or other general shape with 
sides of varying length. In addition, the cross sectional shape may vary as a function 
of position in the fluid conduit 300. Furflier, the bounding surfece 303 does not 
necessarily have to be closed. For instance, a trough may be used as a fluid conduit 
wherein portions of the conduit are open to an external envirormient. 

One or more portions of the bounding surfece 303 may be configured with 
EPAM devices. Portions of the EPAM devices serve as part of the bounding surface 
303 of the fluid conduit 300. In one embodiment, the entire bounding surface 303 
may comprise an EPAM mataial. In another embodunent, EPAM mataial is 
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integrated witibi one or more other materials to form liie boraiding surface 303. The 
EPAM material may include one or more layers or surface coatings depending on a 
compatibiUty of the EPAM material with the fluid flowing in the conduit or a 
compatfciUty of the EPAM material with the external environment. The fluid conduit 
300 may include interfaces that allow it to attach to other fluid conduits or 
components in a fluid system in which it is ^lied. The EPAM devices of the present 
invention may be ^plied in fluid applications that vary in size from microscales, such 
as moving fluid on a silicon chip, to macroscales, such as moving fluid in a large 
chemical plant. 

Portions of the EPAM materials fbiming the bounding surface 303 may be 
configured with electrodes to allow the portions of the EPAM material to act as an 
EPAM transducer. In response to an electric field jqpplied to the HPAM material, such 
as a polymer, the EPAM material may be deflected. Each EPAM transducer device 
may be independently controlled in its deflection. Thus, the bounding surface 303 
may change shape as a function of time to alter one or more of the characteristics 
flow in the fluid conduit 300. 

In the Figure, two EPAM flow control devices, 308 and 309 are shown. The 
EPAM flow control devices uiclude one or more EPAM transducers. Various 
deflection positions denoted by the dashed lines, such as310aad311,ofthe EPAM 
flow control devices are shown. At rest, the active EPAM areas may be nearly 
tangential with the surrounding surfaces. When a voltage is applied, the EPAM areas 
expand inward. The inward expansion (as opposed to outward expansion when 
voltage is applied to EPAM) may be assured by having the outer pressure higher than 
the internal pressure. Alternately, one may use springs, foam, laminates of other 
polymers, or other techniques known in the prior art for biasing the EPAM to expand 
inward when a voltage is applied. For instance, when the flow control devices 308 
and 309 axe at rest a cross sectional area 307 of the conduit betweai the EPAM flow 
control devices may be the same as the cross sectional area 301 of the mlet. 
Alternately, one may design an EPAM annulus that is normally contracted, and when 
voltage is applied it e}q)ands outward to allow an increased flow. The outward 
expansion would be assured in this case if the internal flow pressure is higher than the 
pressure of the outer environment, a common situation for puntped flows. 
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As the devices 308 and 309 deflect, for instance ftom an initial position to 
positions 3 10 and 3 1 1 , a circular cross-sectional area 307 between the EPAM flow 
control devices may decrease. The cross section 307 does not have to remain circular 
and may be of any shape depending on the configuration of the EPAM flow control 
5 devices on the bounding surface 303. After deflection of the devices 308 aad 309 and 
depending on the driving force in the flow, the constriction of the conduit 300 
between the EPAM flow control devices 308 may reduce the flow rate in the conduit 
at the exit. For instance, the flow may become choked at 307. The driving force for 
the flow may also be reduced in conjunction with the constriction to control the flow 
10 rate in the conduit. In some embodiments, the devices, 308 and 309, may sufficiently 
contract together to stop the flow in the conduction 300. 

In another embodiment, the EPAM flow control devices, 308 and 309, may 
deflect one at a time at some defined interval. The alternate deflections of the EPAM 
devices may direct the flow near the deflected surfece upward like a ramp into the 
1 5 main stream to promote mixing in the fluid in the conduit 300 if mixing is desirable. 
As another example, vibrations of the ^AM flow control devices, 308 and 309, at 
particular frequencies may be used to increase the amount of turbulence m the flow if 
turbulence is desirable. Increased turbulence may change the velocity profile in the 
fluid conduit and provide turbulent mixing. 
20 In yet another embodiment, one or more EPAM flow control devices, such as 

308 or 309, on the bounding surfiice 303 may act as a heat exchanger to add or 
remove energy from liie flow in the conduit 300. For instance, when it desired to cool 
the flow in the conduit 300 and the outer environment surrounding the conduit 300 is 
cooler than flow in the conduit, the EPAM flow control devices may mclude a heat 
25 exchanger allowing energy to be removed from the fluid in the fluid conduit 300. 
Adding or removing energy from the flow can change the thermodynamic properties 
of the fluid flow, such as the pressure and temperature. As an example, the 
deflections of the EPAM flow control devices, 308 and 309, may circulate fluid in a 
second closed fluid system used in conjunction with the fluid conduit to add or 
30 remove energy &om the fluid conduit 300. Some examples of heat exchangers that 
may be used with the present invention are described in co-pending U.S. Application 
no. 09/792,431, filed 2/23/01, by Pehine, et al., and entitled "Electroactive Polymer 
Thermal Generators," which is incorporated herein in its entirety and for all purposes. 
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InFIG.2B,afluidcondidtwithonemlet304andtwoexits312and313 are 
shown. The fluid conduit is shaped like a "Y." At the point in the conduit where it 
splits from a single channel to two channels, two EPAM active areas, 3 10 and 3 11 , 
are shown. The EPAM areas, 310 and 311, are part of the bounding surface 303 of the 
5 fluid conduit. Deflections of flie EPAM active areas, 310 and 311, are denoted by the 
dashed line. The deflections of the EPAM active areas, 310 and 3 1 1, may be used to 
1) control the flow rate in each of the two channels, 2) divert the flow in the conduit 
from one of the section to the other section or 3) block both channels. The flow 
diversion from one channel to other may be perfonned by deflecting either active 
10 area, 310 or 311, to block one of the chamiels. The other channel may remain open 
with its EPAM active area undeflected or partially deflected to allow tiiie flow in 
conduit to travel through the open conduit. The partially deflected EPAM active area 
may be used to control the flow rate in the unblocked channel. 

FIGs. 2C-2F show a hollow EPAM flow control device 315 used as a 
15 bounding surface 303 of a fluid conduit. In FIGs. 2G and 2D, the EPAM flow control 
device 315 has a diameter 3 17, an inlet 304, an exit 305 and a fluid moving in a flow 
direction 306 from flie inlet 304 to the exit 305. In one embodiment, the EPAM flow 
control device 315 may be deflected to lengthen and decrease the diameter of the 
fluid conduit. In FIG. 2D, the EPAM flow control device 315 lengthens in a straight 
20 line along the axis 3 1 6. The lengthening of the fluid conduit may change 

characteristics of the conduit, such as viscous dissipative forces like frictional forces 
that depend on the length of the conduit, the flow rate in the conduit tiiat depends on 
the cross-sectional area, and acoustic and vibration properties of the conduit that may 
depend on the length of the pipe. 
25 In regards to the acoustic properties of tiie EPAM flow control device 315, a 

fluid conduit of a particular length may accommodate pressure waves of particular 
frequencies. For instance, a sound generated by a pipe in a pipe organ is proportional 
to the length of the pipe. By increasing or decreasing the length of the conduit by 
deflecting the EPAM material in the EPAM flow control device 315, acoustically 
30 properties of a flow traveling through the fluid conduit may be altered. For instance, 
an EPAM flow control device 315 may be used in an automotive context such as in 
tail pipe used to channel exhaust gasses from an engine. By changing a actively the 
lengfli of tail pipe using the EPAM flow control device, the acoustic properties of the 
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EPAM tail pipe may be altered. In one embodiment, the EPAM tail pipe may be 
lengthened or shortened according to the piessuxe of the exhaust gases being emitted 
from the engine, which may vary depending on the operating conditions of tbs 
^igine. 

5 In some embodiments, the EPAM flow control devices of the present 

invention, such as 3 15, may include one or more sensors that are used to measure 
flow conditions in the conduit, such as but not limited to flow rate sensors to measure 
the flow rate in the conduit, temperature sensors to measure the tenq)erature of the 
flow, concentration sensors to measure one or more constituents of the flow, pressure 

10 sensors to measure the total pressure of the flow or the partial pressures of one or 
more constituents in the flow, acoustic sensors to measure acoustic waves in the flow 
and vibrational sensars to measure vibrations m the fluid conduit. The output 
obtained from the sensors may be used in a control algorithm to control the operation 
of the EPAM flow control device (e.g., the deflection of the active areas of the EPAM 

15 flow device 315 as a function of time). The EPAM flow device 315 may include a 
logic device such as a microcontroller or a microprocessor for controlling operation 
of the device. 

The flow sensors used to control the operation of the flow device 315 maybe 
used to measure flow properties outside of the EPAM flow control device, such as 
20 upstream or downstream of the EPAM flow device 315 used in a fluid system. 
Further, the operation of the EPAM flow control device, such as its length as a 
function of time, may be influenced by sensor inputs unrelated to flow properties. For 
instance, the length of an EPAM tail pipe may be correlated to an RPM rate of an 
engiae exhausting gasses throng the tail pipe. 

25 In particular embodiments, the EPAM flow control devices of the present 

invmtion, such as 315, may be designed to lengthen without significantly changing 
the diameter 317 or cross-sectional area for non-circular cross sections. In another 
embodiment, the diameter 317 of the EPAM flow control device 315 maybe 
increased or decreased along its length without significantiy changing the length of 

30 the flow device 315. 

Lengthening without a diameter change may be performed using a spring roll 
as described in the Pd citation below (U.S. Application no. 10/154,449). A shnple 
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tube of EPAM without the spring and the circuEoferential prestrain may naturally 
leng&en and increase its diameter. To lengthen and simultaneously decrease 
diameter, one might have a free elastomer tube inside a spring roll actuator - when 
the spring roll lengthens, the inner elastomer tube will lengthen and contract in 
diameter - but the spring roll just lengthens. In yet another embodiment, a plurality of 
EPAM flow control devices, such as 315, may be Unked together via an interface 
mechanism of some type, to generate a fluid conduit with a plurality of sections that 
may be independently lengthened or shortened. Further, the diameter of the each of 
the hnked sections may be independently increased or decreased. A rolled EPAM 
transducer may be suitable to be used as these links. Details of the roll-type 
transducer, such as the spring roll, have been disclosed in co-pending U.S. 
AppUcation 10/154,449, by Pei, et al., and entitled, "Rolled Electroactive Polymers," 
filed on May 21, 2002, which is incorporated herein by reference in its entirety and 
forallpmposes. 

In yet other embodiments, the EPAM flow control device 315 is not limited to 
lengthening in a straight line, such as along its axis 316 in FIG. 2D, In FIGs. 2E-2F, 
the EPAM flow control device 315 may be lengthened by deflecting it above and 
below the axis 316. For instance, in FIG. 2E, the EPAM flow control device 315 is 
deflected downward by a distance 3 1 8 from the axis 316. When the ends of the 
EPAM flow control device 315 are fixed and the EPAM flow control device 315 is 
lengthened in deflection, the EPAM flow control device may deflect downwards or 
upwards. The deflection of the EPAM flow control device lengthens lixe fluid 
conduits, which may affect viscous dissipation forces and acoustic properties that are 
proportional to length. The deflection downwards or upwards may change the 
direction of flow, which may cause a loss of momentum within the flow as it turns. 
Dynamically deflecting the EPAM flow control device 315 upwards and downwards 
may provide mixing of the flow in liie fluid conduit. 

The shape of the EPAM fluid conduit maybe complex. In FIG. 2F, a fluid 
conduit is shown with deflections above and below the axis 316. The flow direction 
306 starts parallel to the axis at the inlet 304 moves downward below tiie axis and 
then turns upwards and finishes parallel to the axis at the exit 305. The shape of the 
conduit, its length and Hie cross sectional area of the EPAM flow control device may 
change dynamically as ftmction of time. As previously described above, flow and 
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otlier sensors and an active control al^mthms using ii5)ut fiom the flow sensors may 
be used to control Ihe shape, length and cross sectional area of area of the EPAM 
flow control device 315 as a function of time. 

In one embodiment, one or more surfaces in the fluid conduit may be ribbed 
5 or ridged in some manner. When the fluid conduit is lengthened or contracted, the one 
or more surfaces may be stretched or shrunk to change the rib or ridge height. The 
increase or decrease of the rib or ridge hei^t by the stretching may change the 
relative smoothness or roughness of the surface. The change in smoothness or 
rou^ess may alter viscous properties of a boundary layer near the surface to 
10 increase or decrease the dn^ on the fluid as it flows over the surface. 

FIGs. 2G-2N show examples EPAM flow control devices that may be inserted 
into a fluid conduit to alter one or more flow properties of Ibe fluid. In these 
examples, the EPAM flow control devices are not primarily used as part of the 
bounding surface of the fluid conduit. FIG. 2G shows one example of EPAM valve 
15 325 of the present invention. In FIGs. 3A-3M more examples of EPAM valves of the 
present invention are described. 

The EPAM valve 325 may comprise a frame 326 siqjporting a stretched 
EPAM polymer 327. The EPAM polymer may be sufficientiy pre-strained such that 
deflection of the polymer 327 results primarily in an in-plane movement toward the 
20 center of flie circular fiame 326 indicated by the arrows, which decreases the diameter 
of the circle at the center of the valve. In another embodiment, the polymer may be 
deflected both outwards and towards the center of the circle to increase or decrease 
the diameter of the circle at the center of the valve. The four electrodes 328 may 
control the deflection of the polymer 327. In one embodiment, the four electrodes 328 
25 may be used to deflect four active portions of the polymer independently to provide 
non-circular shapes at the center of the valve witii different areas, 

A stop 330, which may be sh£5)ed as a sphere or a cylinder for instance, may 
be located in the center of the EPAM valve 325. The stop 330 may be supported by 
support members 329 connected to tiie polymer 327, frame 326 or both. The EPAM 
30 valve 325 may be designed to deflect the polymer 327 towards the center of the 
device and close around the stop 330. 
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In FIG. 2H, the EPAM valve 325 is shown inserted in a fluid conduit. The 
fluid conduit has an inlet 304 and an exit 305 witih a flow direction 306 moving from 
the inlet to the exit. The frame of the EPAM valve may make up a small portion of 
the bounding surfece 303 or the EPAM valve may be inserted within the bounding 
5 surfece 303. In FIG. 2H, the valve is shown inserted perpendicular to the flow 

although the present invention is not limited to a valve orientated perpendicular to the 
flow. 

By increasing or decreasmg the area of the EPAM valve 325, the flow rate in 
the fluid conduit may be controlled. When closed around the stop 330, the flow rate 

10 may be reduced to zero. In some embodiments, the EPAM valve 325 may not include 
a stop 330 or support structure in its center. In this embodiment, the cross sectional 
area at the center of the valve may vary between a m a x i m u m and a minimum 
allowmg a niaximum and miniTrmm flow rate to be specified. The amount of 
deflection of the polymer 327, which is a ftmctian of a strength of an electric field 

15 spp)ied to the polymer, may be used to determine the cross sectional area of the valve 
and hence the flow rate through the valve. 

FIG. 21 shows an array 343 four EPAM valves 325 in a square mounting 
plate 331. The four valves 325 may be independently controlled. In one embodiment, 
the mounting plate 33 1 may be used in a square duct to control flow rate in the duct. 

20 In another embodiment, the four valves 325 may be connected to four different feed 
lines to independentiy control flow in each of the lines such an embodiment is shown 
in FIG. 23. The frame 326 and mounting plate 331 may be rigid or themselves 
flexible, and if many EPAM valves 325 are incorporated the effective porosity of the 
frame and mounting plate stracture can be varied electronically using the EPAM 

25 elements. 

In FIG. 2J, two feed hnes, 332 and 333, are shown connected to the valves 
325 in mounting plate 331. The valves are connected to two nozzles 334 and 335. The 
valves 325 may be used to control a flow rate in the nozzles 334 and 335 to produce 
an amount of ^ay from each nozzle or a size of a droplet from each nozzle. For 
30 instance, EPAM valves 325 may be used in an inlget printer head to control droplet 
size in the head. In one embodiment, the nozzles, 335 and 336, may also be 
comprised of an EPAM polymer. A length of the nozzle and its cross section^ area 
may be altered by deflecting the EPAM polymer in the nozzles. Changiag the length 
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of the nozzle and its cross sectional area may be used to change the properties of the 
flow as it exits the nozzle, such as its velocity as it exits the nozzle or a resultant flow 
pattern. Furflier, by deflecting the polymer, a direction of the nozzle and hence the 
flow direction of the fluid exiting the nozzle may also be changed. Details of EPAM 
5 nozzles are described in more detail with respect to FIGs. 20-2R. 

The EPAM flow control devices of the present invention may be used for 
mixing and dispensing of a fluid. In FIG. 2K, an EPAM mixing device 341 is shown. 
The EPAM mixing device 341 comprises an EPAM diaphragm 342 coimected to a 
support structure 339 to create a mixing chamber 340. Two feed lines 332 and 333 
10 provide fluid inputs for the chamber 340 and an output line 337 provides an outtet to 
the chamber 340 for a mixture. EPAM valves 325 are used to control the input and 
output of fluid to and from the chamber 340. 

In one embodiment, the EPAM valves to each of the feed lines, 332 and 333 
may be opened to allow different fluids in each of the feed lines to enter the mixing 
15 chamber. The output feed line may be closed. A ratio of the fluids in each feed line 
may be varied by changing a valve diameter to increase or decrease a flow rate in 
each feed line and/or by a length of time each valve 325 to the feed lines are open. In 
one embodiment, the EPAM diaphragm 342 may expand to help draw fluid into the 
mi- ring chamber 340. In another embodiment, the fluid in the feed lines is under 
20 pressure and enters the mixing chamber via this pressure. The present invention is not 
limited two feed lines and a plurality of lines may be connected to the mixmg 
chamber 340. For instance, for a paint mixar, three feed lines, each providing one of 
the primary colors, may be used 

After the fluids from the feed lines are in the mixing chamber 341 , the EPAM 
25 di^hragm may deflect up and down at varying frequencies to mix the fluid in the 
chamber. The deflection pattern applied to the die^hragm 342 may be quite complex. 
For instance, portions of the diaphragm may deflect at different rates to promote 
mixing. After a predetermined interval of mixing, the valve 325 to the output feed 
line 337 may open and the di^hragm may deflect to dispense the mixed fluid from 
30 the mixing chamber 341 . In one embodiment, the mixing device 341 may include a 
purge fluid feed line and a purge fluid output line. The purge fluid may be used to 
clean out fluid residues remaining in the mixing chamber 340. 
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to one embodiment, the mixing device 341 may not include input feed lines. 
The mixing chamber may include a pre-mixed fluid that is simply dispensed from the 
device. For instance, antibiotics in an IV line. Using the device 341 as an IV 
dispenser, the fluid in the chamber may be dispensed in a controlled manner without 
having to rely on gravity to dispense the fluid fix)m Ihe chamber and eliminating the 
requirement of having to hold the IV bag in a raised position above a patient. In 
another embodiment, the mixing device may include a number of fluid constituents 
that remain un-mixed or tend to separate. As an example, the mixing chamber 341 
may include a number of fluid and solid constituents that are sealed in packets, such 
as medicine. "When the mixing device 341 is activated, the sealed packets are broken 
and are mixed together in the mixing chamber. The mixture is then dispensed via the 
output line 337. 

In FIG. 2L and 2M, EPAM flow control devices used to change the direction 
of a fluid in a flow are shown. In HG. 2L, EPAM devices, 348 and 349 are attached 
to vanes 345 mounted to a support structure 347 in a fluid conduit When one of the 
pair of EPAM devices, 348 or 349 lengthens, the other EPAM device contracts. The 
vanes 345 are deflected upwards or downwards by the lengthening of one of the 
EPAM devices. The position of the vanes 345 in Ihe fluid flow may be used to change 
the direction of the fluid flowing over the vanes. The EPAM devices, 348 and 349, 
and hence the direction of each of the vanes 345, may be controlled independently. 
EPAM devices that bend in one or two planes where the bending is independently 
controlled in each plane are referred as unimorph and bimorph EPAM transducers. 
However, the present invention is not hmited to unimorph and bunoiph EPAM 
transducers. 

hi 2L, EPAM devices, 350 are 351, are connected to a support structure 347 
and inserted into a fluid. The EPAM devices, 350 and 351, may be relatively flat and 
comprised of one or more EPAM polymer layers. The EPAM polymers in the EPAM 
devices may be designed to deform (e.g., bend, twist and lengflien) in one or more 
directions in response to an applied electric field. The shape of the deflected EPAM 
) devices and their orientation relative to tiie flow may be used to alter the flow 
direction. For instance, as shown in the FIG. 2M, the EPAM devices, 350 and 351, 
may each deflect downwards to turn the flow in the conduit downwards. In another 
embodmient, the EPAM devices, 350 and 351, may deflect m opposite durections at 
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some ftequency to promote mixing and/or tiibulence in the flow. In yet another 
embodimeat, the EPAM devices, 350 and 351, may deflect at some deteraiined 
frequency to quiet and dampen oscillations in the flow. 

In FIG. 2N, a diaphragm array 353 for use as an EPAM flow control device is 
5 arranged around one or more portions or an entire circumference of a fluid conduit. 
By deflecting the diaphragms in the diaphragm array 353 in different patterns and 
with diflEerent frequencies, different wave patterns may be introduced into the flow 
field. For instance, when the diaphragms are deflected parallel to the flow, transverse 
wave patterns, such as 354, may be added to the flow. As another example, when the 
10 diaphragms 353 are deflected in a pattern in a plane perpendicular to the direction of 
the flow 306, such as around a circumference of a cuxjular duct, vorticity m the fluid 
may be increased. By deflecting one diaphragm and letting it return and theu 
repeating with an adjacent diaphragm and so on around the ckcumference of the 
conduit, angular momentum may be introduced mto the flow. 
15 The diaphragms may vary m height. At microscopic scales, an array of 

diaphragms maybe used to alter surface rou^ess of a fluid conduit or a structure in 
an external flow. The properties of a flow boundary layer near a surfece may be 
altered by changmg the surface roughness via deflections in a di^hragm array, such 
as 353. At larger scales, properties of an inviscid flow layer over a surface maybe 
20 alter by deflecting di^hragms to a hei^ that is a significant fi:action of the boundary 
layer height or greater than the boundary layer height at the location of each 
di^hragm. 

In the present invention, a deflected height of the diaphragms maybe greater 
than a height of a hemisphere. As an example, another device, an EPAM balloon 

25 valve 352 is shown in FIG. 2N. The EPAM balloon valve is attached to a support 

structure 347. The balloon valve may be deflected so that it expands to block the fluid 
condmt. The expanded shape of the EPAM balloon valve 352 is nearly spherical and 
is indicated by the dashed lines. 

FIGs. 20-2R show example of a nozzle 415 with an EPAM nozzle body and a 

30 variable throat area controlled by an EPAM constrictor 419. Flow enters the nozzle 
throat 417 via a feed line 420. The flow expands in the EPAM nozzle body 416 and 
exits the nozzle body 416 via a nozzle exit 41 8. The EPAM nozzle body 416 may be 
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designed to extend to lengthen the nozzle body 416 by placing an electric field on an 
EPAM material comprising the nozzle body 416. The increased latigth of the nozzle 
body 416 may change an amount of e^ipansion that occurs in the fluid as it travels in 
the nozzle body 416 to the exit 418. An increased expansion may reduce a velocity of 
5 the fluid as it exits the nozzle. In FIG. 20, one example of a deflected nozzle body is 
indicated by the dashed lines and another is indicated by the solid lines. 

The EPAM constrictor 419 may be used to vary a throat area of the nozzle 
415 which may also change the e^^ansion of the fluid in the nozzle, A change in 
throat area of the nozzle may change fluid velocity profile at the exit 418. In one 

10 embodiment, the EPAM valve 325 in FIG. 2G (without the stop) may be used as a 
constrictor 419 to vary the throat area of the nozzle. Other types of constrictors may 
also be used (see FKJs. 3K and 3L). For nozzles generating thrust, an optimum 
expansion for maximum thrust is related to the pressure at the nozzle exit. If the 
pressure at the nozzle exit varies, then the nozzle geometry may be varied using the 

15 EPAM nozzle body 41 6 and EPAM constrictor 419 to optimize the nozzle 41 5 to 
generate Tna-viTniiTn thrust that corresponds to the pressure at the nozzle exit. 

IN FIG. 2P, exit cross sections are shown for the two nozzle body geometries 
represented by the solid and dashed lines in FIG. 20. The first embodiment at a first 
deflected position has a circular cross section 421. The second embodiment at a 
20 second deflected position has an ovular cross sectioiL When the nozzle is lengthened, 
the cross sectional profile may remain circular or change sh^es. Many cross section 
shapes are possible and are not limited to an ovular cross section. 

FIG. 2Q shows two cross sections, 423 and 424, for two deflected positions of 
the throat. The throat area 424 is smaller at the second deflected position than the 

25 throat area 423 at the first deflected position. The change in throat area is provided for 
illustrative purposes only. In some embodiments (see FIG. 2R), the EPAM nozzle 
body 416 may be deflected without a diange in the throat area. The present invention 
is not limited to circular throat cross section. In some embodiments, the EPAM 
constrictor device may be unevenly constricted to produce non-circular cross section 

30 at the nozzle throat 417. 

In FIG. 2R, an embodiment is shown where the EPAM nozzle body 416 is 
deflected to alter a direction of the flow as it exits the nozzle body. At its first 
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deflection position (indicated by the solid lines), the flow exits the nozzle aligned in 
an axial direction through the center of the nozzle. At its second deflection position 
(indicated by the dashed lines), the EPAM nozzle body is turned downwards to direct 
the flow exiting the nozzle in a downward direction. To turn the nozzle body 
5 downward, a greater electric field may be applied to the EPAM polymer on top of the 
EPAM nozzle body versus on the bottom of the EPAM nozzle body. The additional 
electric field may cause the top of the nozzle body to lengthen more than the bottom 
of the nozzle body and hence tum the nozzle body downwards. 

This capability may provide an additional degree of control for an EPAM 
10 nozzle that is not easily obtamed with a conventional nozzle. A conventional nozzle 
would require an additional mechanism to deflect the nozzle. An EPAM nozzle only 
requires a compatible electrode pattern and charge control mechanism which are 
akeady components of an EPAM device. 

In FIGs. 3A-M a number of valve designs employing EPAM polymer 
15 elements are shown. Exanq)les of valve designs shown in the figures include a 
diaphragm valve (FIG. 3A), a gate valve (FIGs. 3B and 3C), a needle valve (FIG. 
3D), a slot valve (FIGs. 3F and 3G), rotary valves witii multiple ports (FIGs. 3G-3 J), 
a pinch valve (FIGs. 3K and 3M) and irqput/exhaust valves for a combustion chamber 
(FIG. 3M). The present invention is not limited to these types of valves as the EPAM 
20 polymers of the present invention may be applied to many other types of valve 
designs not shown. 

As the term is used herein, a "valve" is one embodiment of a flow control 
device. A valve, as well as a flow control device, refers to a device that regulates, 
affects or controls fluidic communication of gases, liquids and/or loose particles 
25 through one or more structures. For example, a valve may control the flow of gases 
into a chamber, such as the combustion chamba: of an internal combustion engine; or 
from a conduit, such as an air inlet port leading to the combustion chamber. One or 
more exhaust valves actuated by an EP transducer may also be disposed on the outlet 
of the chamber. Alternately, a valve may be disposed in a conduit (e.g, a pipe) to 
30 regulate pressure between opposite sides of the valve and thereby regulate pressure 
downstream from the valve. 
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Valves and flow control devices as described herein comprise one or more 
electroactive polymer (EPAM) transducers. In one embodiment, the EPAM 
transducer is used as to actuate the valve, or provide mechanical energy to 
regulate fluidic communication of gases, liquids and/or loose particles through the 
valve. Linear EPAM transducers are particularly well suited to provide on/o£f 
control of a valve as well as incremental and precise levels of control 
(proportional control). Given the fast response time of an EPAM transducer, 
valves of the present invention are thus well suited for applications requiring time 
sensitive fluidic regulation. In some cases, tiie EPAM transducer may not directly 
contact the fluid (e.g., see FIG. 3M). For example, a linear EPAM transducer 
may be coupled to a sealed fluid interface that acts upon the fluid, such as a gate 
within a conduit having one or more moving parts affected by actuation of the 
EPAM transducer (see FIG. 3B and 3C). In this case, the EPAM transducer 
actuates the valve using the fluid interface. In other embodiments, the EPAM 
transducer may include a surface that contacts the fluid, such as a diaphragm 
EPAM transducer disposed in a conduit to regulate the flow of a fluid over a 
surface of the diaphragm (see FIG. 3A). Actuation of the diaphragm EPAM 
transducer may decrease the cross sectional area of the conduit to reduce a fluid 
flow rate, or close the conduit completely, to block fluid flow in the conduit. 

In FIG. 3 A, a diaphragm valve design is shown. A traditional diaphragm valve 
closes by using a flexible diaphragm attached to a compressor. The compressor may 
be used to press the diaphragm against a weir, which is a raised flat surface in a flow 
stream, or into a valve seat When the diq)hragm is pressed into tiie weir or the valve 
seat, a seal is formed and the flow is cut off. 

In FIG. 3 A, a design of a EPAM diaphragm valve 360 is shown. An EPAM 
diaphragm 360 is attached to a siqjport structure 347. A bias mechanism 364, such as 
a spring, a foam cut-off or gas pressure, may be used to provide the disq)hragm with 
an outward deflection. The support structure itself may be penneable to the flow, and 
if the pressure of the pumped fluid is hi^er on the valve side than on the exit side 
(common in pumped fluid applications wh^e pressure is higher upstream than down 
stream), then the pressure differential of the pumped flow itself may serve as a bias 
mechanism. In a first deflected position (indicated by the solid line), a fluid may flow 
through the valve 360 and through the valve seat 363, which may include an orifice. 
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An electric field may be appUed to EPAM polymer in the diaphragm 363 to deflect 
flie diaphragm to a second position in contact with the valve seat 363 and covering 
the orifice. In the second position, flow through the valve is blocked. 

hi another embodiment, the EPAM diaphragm 363 may be deflected to press 
against a wek in a fluid conduit. To improve seaHng, the EPAM diaphragm may have 
additional layers of material on the side of the diaphragm in contact with the valve 
seat 363. An advantage of the valve 360 is that the functions of the compressor and 
diaphragm are combined. In a traditional di^hragm valve, a separate compressor 
element is typically required. 

hi FIGs. 3B and 3C, a gate valve 365 with EPAM actuators used to control a 
valve cover 366 (i.e., gate) are shown. In a gate valve, the flow maybe controlled by 
a flat face, vertical disc or gate that sUdes down through the valve to block the flow. 
In FIG. 3B, the gate valve 365 is shown in an open position. Two EPAM actuators, 
367 and 368, are shown attached to a valve cover 366. Alternately, 367 and 368 may 
be two sides (in cross section) of a single EPAM actuator such as a rolled EPAM 
actuator. The EPAM actuators are configured such that applymg an electric field 
causes an EPAM polymer in the actuators to lengthen and push the valve cover 366 
away fiom the valve seat 363. A fiarce mechanism, such as a spring or a magnetic 
device, is configured to push the valve cover 366 towards the valve seating and 
) against the vah^e seat 363. When the electric field 1» the EPAM actiiators is reduced 
or turned off, a length of the EPAM polymers is shortened and the valve cover 366 
closes over the valve seat to block the flow. 

The valve 365 may be capable of being calibrated. Jn tiie calibration 
procedure, the electric field applied to EPAM polymers in the actuators 367 and 368 
5 may be adjusted according to a force appUed by flie force mechanism 364 to ensure a 
proper closure of the valve 365 is obtained. The calibration process may be useful 
when the force appUed by the force mechanism changes with time. For instance, a 
force apphed by a spring may change with time after repeated stretching and 
contracting of the spring. 
iO The diaphragm valve 360 and gate valve in 365 may also be used as control 

valves. A contiBl valve is designed to ensure accurate proportioning control of fluid 
through the valve. The control valve may automatically vary the rate of flow through 
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the valve based upon signals it receives ftom sensing devices in a continuous process. 
Most types of valves, using either linear or rotary motion, may be used as control 
valves by the addition of power actuators, positioners, sensors and other accessories. 
As an example, m FIG. 3 A, to control Ihe flow in valve 360, a flow rate sensor and/or 
a sensor for detecting the position of the diaphragm 364 may be used. The EPAM 
itself can be used as a srasor which is described below in the section titled sensing. 
The diaphragm may be deflected to different positions depeaading on the determined 
and desired flow rate throu^ the valve. 

In FIG. 3D, an example of a needle valve 370 is shown. Needle valves are 
volume control valves that are often used to restrict the flow of a fluid in a small line. 
The fluid 371 passes through an orifice that is a seat 363 for fihe valve cover 366. In 
an in-line valve, the fluid may be passed through a 90 degree turn that includes the 
needle valve. The valve cover 366 is typically conically sh^ed. By positioning the 
valve cover 366 relative to the seat 363, the size of the orifice may be changed. 

In FIG. 3D, an EPAM actuator 372 is attached to a support structure 347. 
When au electric field is applied to the EPAM polymer in the actuator, the EPAM 
polymer lengthens and the valve cover is pushed towards the valve seat 363 to change 
the size of the orifice allowing fluid flow. Two forces mechanisms, which may be 
springs, apply a force in the opposite direction of the force transferred to the valve 
seat 363 by the EPAM polymer. When the electric field on the EPAM polymer is 
reduced, the force mechanisms may pull the valve cover 366 away fiom the seat 363. 

In FIGs. 3E and 3F an example of a slot valve 375 is shown. The slot valve 
mcludes a channel that is designed to be aligned or unaligned with an input port and 
an output port. When the slot valve is aligned with the mput port and the output port, 
fluid may move through the channel m a slot cover from the input port to die output 
port When the slot valve is unaligned, tiiie mput port is blocked and the fluid flow 
through the slot is blocked. 

hi FIG. 3E, the slot valve is shown in the aligned position. An EPAM actuator 
377 anchored to a support structure is actuated to push the slot cover 376 into 
alignment with the input and output ports. The slot cover 376 may reside in a slot, 
which guides its motion. The slot cover is attached to a force mechanism 364 that is 
attached to a support staicture 347. The force mechanism 364 provides a force m the 
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direction opposite to the force applied by liie EPAM actuator 377 when it is actuated. 
When the electric field apphed to the EPAM polymer in the actuator 377 is reduced 
or turned ofi^ the force mechanism 364 pushes the slot cover into an unaligned 
position blocking the input port and the flow throu^ the channel in the slot cover 
5 376. The unaligned position of the slot valve 375 is shown in FIG. 3F. 

In FIGs. 3G-3 J, some examples of rotary valves are shown. The valves 
include multiple ports. Traditional examples of rotary valves include plug valves or 
ball valves. In these types of valves, a plug or ball with a channel is rotated to line up 
m a flow path or hne up to block the flow path. Typically, a rotation in the valve, 
10 such as a 90 degree turn is required to align or unalign the channel with a flow path. 
Because of the required rotation to turn the valves on and of^ these valves are 
referred to as rotary valves. 

In FIG. 3H and 31, one embodiment of a rotary multi-port valve 380 is shown. 
The multi-port rotary valve comprises a partially hollow EPAM roll actuator 381 with 
15 a fluid conduit 382 that runs througji the center. A port 383 through the side of the 
EPAM 38 1 connects to the fluid conduit 382. The port is designed to comiect to one 
of a plurality of feed Unes 384. 

The EPAM roll 381 is designed to actuate along a curved path. The valve 380 
may include guides that help to guide the EPAM roll along a set path as it actuates. In 
20 FIG. 3G, when the EPAM roll is not actuated to lengthen the roll, the.port 383 does 
not align with any of the feed lines 384. For instance, the EPAM roll 381 maybe 
deflected to expand in diameter and block the feed lines. Further, the side of the 
EPAM roll 381 may be used to block flie feed lines 384. In other embodiment, the 
port 383 may include a mechanism that opens and mates with a valve on the feed line. 
25 In 3H, when the EPAM roU 381 is actuated to lengthen along a curved path, the port 
383 rotates along the path to align witii a middle of three feed lines. In this position, 
fluid may enter the conduit torn the middle feed line and flow through the fluid 
conduit 382 in the center of the EPAM roU. In this deflected position, the opening to 
the other two feed lines may be blocked by the side of the EPAM roll or may be 
30 closed using anoliier mechanism, such as a valve. 

In FIGs. 31 and 3J, another embodiment of an EPAM multi-port valve 390 is 
shown. In this embodiment, two fluid conduits run through an EPAM roll 393. Two 
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ports, 391 and 392, each respectively on a firont ead of the two fluid conduits, are 
designed for comiection to two feed lines at a fixed position. A view of the multi-port 
rotary valve 390 from the side wifli the two ports, 391 and 392, is shown in FIG. 31. 
A cross-section of the EPAM roll 393 is show in FIG. 3 J. The EPAM roll 393 

5 is designed to rotate torsionally to align ports 396 and 397 opposite to ports 391 and 
392 with two feed lines 385 and 386. When port 396 is aligned with port 385, a fluid 
may travel through a first fluid conduit in the EPAM roll 393 to port 392. Similarly, 
when port 397 is aligned Avith port 386, fluid may flow through a second conduit in 
the EPAM roll 383 to port 391. The first and the second fluid conduits are at different 

10 heights in the EPAM roll. The EPAM roll may be designed such that an upper portion 
of the roll rotates torsionally independentiy of a lower portion of the EPAM roll. 
Thus, ports 396 and 397 may be connected or discomiected from ports 385 and 386 
independently. 

In FIGs. 3K and 3L, an embodiment of a pinch valve is shown. A pinch valve 

15 seals by squeezing on a flexible conduit, such as a rubber tube, that can be pinched to 
shut off the fluid flow in the conduit. Pinch valves are often used for slurries or 
liquids with large amounts of suspended solids. In FIG. 3K, a cross section of an 
EPAM constrictor device 400 around a flexible fluid conduit 402 is shown. The 
EPAM constrictor device includes a plurality of EPAM actuators 401. The EPAM 

20 actuators include an EPAM polymer that is designed to deflect toward a center of the 
fluid under qiplication of an electric field. 

The EPAM actuators push towards the center of the fluid conduit to pinch it 
off and decrease a diameter 303. In FIG. 3L, a section of the fluid conduit 402 firom 
the side is shown. The dashed lines indicate deflected positions of both the constrictor 

25 device 400 and the fluid conduit 402. As the deflection of the constrictor device 
increases, the diameter 403 in the conduit 402 decreases. In one embodiment, the 
constrictor device 400 may be used as a cuff or sleeve around a human limb, such as 
an arm or a leg, to pinch off a blood flow in vessels in the arm or the leg when the 
constrictor is deflected. In another example, the cuff or sleeve may be used around a 

30 human organ to constrict blood flow in the human orgaa A few other types of valves 
not shown that may be used as flow EPAM flow control devices include but are not 
limited to 1) check valves designed to prevent backflow, 2) pressure relief valvra 
designed to provide protection &om over-pressure and 3) buttery fly valves that 
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control the flow by using a circular disc or vane with its pivot axis at right angles to 
the direction of the flow. 



A simple diaphragm by itself may function as a flow control devices using 
variable permeability (configuration not shown). For exaniple, if fluid under pressure 

5 is on one side of an EPAM diaphragm, and the EPAM diaphragm is pemieable to the 
fluid, then actuating the EPAM diaphragm to make it ejq)and in area and contract in 
thickness will increase its permeability and allow the pressurized fluid to diffuse 
through the EPAM diaphragm at greater rates. Many fluids such as gasses and smaller 
liquid molecules under pressure can difiEiise tbrou^ EPAM elastomers and EPAM 

10 electrodes. 

In one embodiment, an EPAM actuator is used to actuate the intake 413 and 
exhaust valves 412 to the combustion chamber 414 in an internal combustion engine 
using a roll-type electroactive polymer transducer 410. This embodiment is shown in 
FIG. 3M. The EPAM actuators are mounted to the cylinder head 41 1 via support 
15 members 415 bolted to the cylinder head. The EPAM actuators 410 may control the 
opening and closing of the intake and exhaust valves. 

EPAM transducers overcome many of the limitations of conventional 
actuation technologies and enable the actuation of engme valves individually for 
variable timing and lift. EPAM transducers have linear force characteristics, inherent 
20 proportional control (for variable Uft), high efficiency, low noise, good packaging 
flexibility, and the "soft landing" ability. For example, solenoids tend to snap shut at 
the end of then- travel, resulting in noise and accelerated valve wear, EPAM 
transducers can provide "soft landing" to reduce noise and wear. EPAM transducers 
also provide higher power-to-weight ratio than solenoids or hydraulics. 

25 By using EPAM transducers to actuate the intake/exhaust valves, valve timing 

and lift can be better matched to Ihe engine requirements at dififorent speeds, and a 
broader range of power and economy can be achieved fiom the engine. The use of 
EPAM transducers eliminates the need for the camshaft and related drive hardware, 
and enables infinite variable valvingftnrcamless engines. Furthermore, EPAM 

30 transducers can be used to achieve individual cyhnder control in an internal 

combustion engme which is not possible today. Individual cylinders can be enabled 
or disabled on demand by either actuating or not actuating the intake/exhaust valves. 
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For example, an eight-cylinder engine can run as a four- or six- cylinder as needed. 
This greatly increase the flexibility of engine power output and fuel economy. 

The control of m EPAM actuated valves of the present invention may be 
pulse-width modulated (PWM), where the valve is open for a certain percentage of 
each cycle of a high frequency signal. The open percentage (or duty cycle) is varied 
with the flow requirement. The valve can also be proportionally controlled where the 
position of the valve is controlled and varied according to the flow requirements. This 
proportional control is difficult with the conventional solenoids currently used. The 
EPAM actuated valve can also be frequency modulated (FM). The frequency of 
actuation and spring rates can be designed to operate at resonance, which can reduce 
the power requirements of the actuator. Flow control would be done by varying the 
frequency away from the resonance frequency. 

There are a wide variety of applications of an EPAM actuated valve for 
controlling fluid flow and/or regulating pressure. EPAM transducers have the 
advantages of reduced weight, costs, and complexity and increased operating 
flexibiUty compared to conventional flow control systems, hi an automobile, an 
EPAM actuated valve can be used for fuel injection control, air intake control 
(throttle position), cooling system and emission control. For example, the EPAM 
actuated valve described herein can be used as the canister purge valve (CPV) in 
internal combustion engines. The CPV controls flow between a fiiel v^r canister at 
atmospheric pressure and the air intake system of an internal combustion engine at 
partial vacuuDO. The EP actuated valve enables proportional control of fuel v^km: 
flow, which is difficult to achieve with solenoid ^es of valves. As another example, 
the EPAM actuated valve can replace the conventional pneumatically actuated valve 
system for controlhng flow of exhaust to the muffler. In the embodiments described 
herein and in many other applications, the EPAM actuated valve can be readily 
integrated into their surrounding structures. 
3. ELECTROACTIVE POLYMER DEVICES 
3.1 TEIANSDUCERS 

FIGs. 4A-2E show a rolled electroactive polymer device 20 in accordance 
with one embodiment of the present mvention. The rolled electroactive polymer 
device may be used for actuation of an EPAM flow control device (e.g., see FIGs. 
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2C-2F, 2L or 3G-31) and may also act as part of a fluid conduit or other types of 
structures immersed in an external or intranal flowfield. The rolled electroactive 
polymer devices may provide linear and/or rotational/torsional motion for operating 
the EPAM flow control device. FIG. 4A illustrates a side view of device 20. FIG. 4B 
5 illustrates an axial view ofdevice 20 ftom the top end. FIG. 4C illustrates an axial 
view of device 20 taken through cross section A-A. FIG. 4D illustrates components 
of device 20 before rolling. Device 20 comprises a roUed electroactive polymer 22, 
spring 24, end pieces 27 and 28, and various fabrication components used to hold 
device 20 together. 

10 As illustrated in FIG. 4C, electroactive polymCT 22 is rolled. In one 

embodiment, a rolled electroactive polymer refers to an electroactive polymer with, 
or without electrodes, wr^ed round and round onto itself (e.g., like a poster) or 
wrsqjped around another otg'ect (e.g., spring 24). The polymer may be wound 
repeatedly and at the very least comprises an outer layer porticm of the polymer 
15 overlapping at least an inner layer portion of the polymer.- Ta one embodiment, a 

rolled electroactive polymer refers to a spirally wound electroactive polymer wrapped 
around an object or center. As the term is used herem, rolled is independent of how 
the polymer achieves its rolled configuration. 

As illustrated by FIGs, 4C and 4D, electroactive polymer 22 is rolled around 
20 the outside of spring 24. Spring 24 provides a force that strains at least a portion of 
polymer 22. The top end 24a of spring 24 is attached to rigid endpiece 27. likewise, 
the bottom end 24b of spring 24 is attached to rigid endpiece 28. The top edge 22a of 
polymer 22 (FIG. 4D) is wound about endpiece 27 and attached thereto using a 
suitable adhesive. The bottom edge 22b of polymer 22 is wound about endpiece 28 
25 and attached thereto using an adhesive. Thus, the top end 24a of spring 24 is 

operably coupled to the top edge 22a of polymer 22 in that deflection of top end 24a 
corresponds to deflection of the top edge 22a of polymer 22. Likewise, the bottom 
end 24b of spring 24 is operably coupled to the bottom edge 22b of polymer 22 and 
deflection bottom end 24b corresponds to deflection of the bottom edge 22b of 
30 polymer 22. Polymer 22 and spring 24 are capable of deflection between their 
respective bottom top portions. 

As mentioned above, many electroactive polymers perform better v^en 
prestrained. For example, some polymers exhibit a higher breakdown electric field 
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Strength, electricaUy actuated strain, and energy density when prestrained. Spring 24 
of device 20 provides forces that result in both drcumferential and axial prestrain 
onto polymer 22. 

Spring 24 is a conq)ression spring that provides an outward force in opposing 
5 axial directions (FIG. 4A) that axially stretches polymer 22 and strains polymer 22 in 
an axial direction. Thus, spring 24 holds polymer 22 in tension in axial direction 35. 
In one embodiment, polymer 22 has an axial prestrain in direction 35 from about 50 
to about 300 percent. As will be described in fiirther detail below for fabrication, 
device 20 may be fabricated by rolling a prestrained electroactive polymer film 
10 around spring 24 while it the spring is compressed. Once released, spring 24 holds 
the polymer 22 in tensile strain to achieve axial prestrain. 

Spring 24 also ni?^ i"tains drcuniferentiai prestrain on polymer 22. The 
prestrain may be established in polymer 22 longitudinally in direction 33 (FIG. 4D) 
before the polymer is rolled about spring 24. Techniques to establish prestrain in this 
15 direction during fabrication will be described in greater detail below." Fixing or 
securing the polymer after rolling, along with the substantially constant outer 
dimensions for spring 24, maintains the circumferential prestrain about spring 24. In 
one embodiment, polymer 22 has a circumferential prestrain from about 100 to about 
500 percent. In many cases, spring 24 provides forces that result in anisotropic 
20 prestrain on polymer 22. 

Bad pieces 27 and 28 are attached to opposite ends of rolled electroactive 
polymer 22 and spring 24. FIG. 4E illustrates a side view of end piece 27 in 
accordance with one embodiment of the present invention. Endpiece 27 is a circular 
structure that comprises an outer flange 27a, an interfece portion 27b, and an inner 
25 hole 27c. Interface portion 27b preferably has the same outer diameter as spring 24. 
The edges of interface portion 27b may also be rounded to prevent polymer damage. 
Inner hole 27c is circular and passes through the center of endpiece 27, from the top 
end to the bottom outer end that includes outer flange 27a. In a specific embodiment, 
endpiece 27 comprises aluminum, magnesium or another machine metal. Inner hole 
30 27c is defined by a hole machined or similarly fabricated within endpiece 27. In a 
specific embodiment, endpiece 27 comprises 14 inch end c^s with a 3/8 inch inner 
hole 27c. 
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In one embodiment, polymer 22 does not extend all llie way to outer flange 
27a and a gap 29 is left between the outer portion edge of polymer 22 and the inside 
surface of outer flange 27a. As wiU be described in furliier detaU below, an adhesive 
or glue maybe added to the rolled electroactive polymer device to maintain its rolled 
5 configuration. Gap 29 provides a dedicated space on endpiece 27 for an adhesive or 
glue than the buildtq) to the outer diameter of tiie rolled device and fix to all polymer 
layers in the roll to endpiece 27. In a specific embodiment, g^ 29 is between about 0 
mm and about 5 mm. 

The portions of electroactive polymer 22 and spring 24 between end pieces 27 
10 and 28 may be considered active to tbeir functional puiposes. Thus, end pieces 27 
and 28 define an active region 32 of device 20 (FIG. 4A). End pieces 27 and 28 
provide a common structure for attachment with spring 24 and with polymer 22. In 
addition, each end piece 27 and 28 permits external mechanical and detachable 
coupling to device 20. For example, device 20 maybe employed in a robotic 
15 application where endpiece 27 is attached to an upstream link in a robot and endpiece 
28 is attached to a downstream hnk in the robot Actuation of electroactive polymer 
22 then moves the downstream link relative to the upstream link as detennined by the 
degree of freedom between the two links (e.g., rotation of link 2 about a pin joint on 
link 1). 

20 In a specific embodiment, inner hole 27c comprises an internal thread capable 

ofthreadedinterfMe with a tibieaded member, such as a screw or threaded bolt The 
intacnal thread permits detachable mechanical attachment to one end of device 20. 
For example, a screw may be threaded into the intanal thread within end piece 27 for 
external attachment to a robotic element For detachable mechanical attachment 

25 internal to device 20, a nut or bolt to be threaded into each end piece 27 and 28 and 
pass through the axial core of spring 24, thereby fixing tbe two end pieces 27 and 28 
to each other. This allows device 20 to be held in any state of deflection, such as a 
fully compressed state usefiil during rolling. This may also be usefid during storage 
of device 20 so that polymer 22 is not strained in storage. 

30 la one embodiment, a stiff member or linear guide 30 is disposed within the 

spring core of spring 24. Since the polymer 22 in spring 24 is substantially compliant 
between end pieces 27 and 28, device 20 allows for both axial deflection along 
direction 35 and bending of polymer 22 and spring 24 away fi^om its linear axis (the 
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axis passing through the center of spring 24). In some embodiments, only axial 
deflection is desired. Linear guide 30 prevents bending of device 20 between end 
pieces 27 and 28 about the linear axis. Preferably, linear guide 30 does not interfere 
with the axial deflection of device 20. For example, linear guide 30 preferably does 
5 not introduce ftictional resistance between itself and any portion of spring 24. With 
linear guide 30, or any other suitable constraint that prevents motion outside of axial 
direction 35, device 20 may act as a linear actuator or generator with output strictly in 
direction 35. Linear guide 30 may be comprised of any suitably stiff material such as 
wood, plastic, metal, etc. 
10 Polymer 22 is wound repeatedly about spring 22. For single electroactive 

polymer layer construction, a rolled electroactive polymer of the present invention 
may comprise between about 2 and about 200 layers. In this case, a layer refers to the 
number of polymer fihns or sheets encountered in a radial cross-section of a rolled 
polymer. In some cases, a rolled polymer comprises between about 5 and about 100 
- 15 layers. Jn. a specific embodiment, a rolled electroactive polymer comprises between 
about 15 and about 50 layers. 

In another embodiment, a roUed electroactive polymer employs a multilayer 
structure. The multilayer structure comprises multiple polymer layers di^osed on 
each other before rolling or winding. For example, a second electroactive polymer 
20 layer, without electrodes patterned thereon, may be disposed on an electroactive 
polymer having electrodes patterned on both sides. The electrode immediately 
between the two polymers services both polymer surfeces in immediate contact. 
After rolling, the electrode on the bottom side of the electroded polymer then contacts 
the top side of the non-electroded polymer. In this manner, the second electroactive 
25 polymer with no electrodes patterned thereon uses the two electrodes on the first 
electroded polymer. 

Other multilayer constructions are possible. For example, a multilayer 
construction may comprise any even number of polymer layers in which the odd 
number polymer layers are electroded and the even number polymer layers are not. 
30 The upper surface of the top non-electroded polymer then relies on the electrode on 
the bottom of the stack after rolling. Multilayer constructions having 2, 4, 6, 8, etc., 
are possible this technique. In some cases, the number of layers used in a multilayer 
construction may be limited by the dimensions of the roll and thickness of polymer 
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layers. As llie roll radius decreases, the number of permissible layers typically 
decrease is well. Regardless of the number of layers used, the rolled transducer is 
configured such that a given polarity electrode does not touch an electrode of 
opposite polarity. In one embodiment, multiple layers are each individually 
5 electroded and every other polymer layer is flipped before rolling such that electrodes 
in contact each other after rolling are of a similar voltage or polarity. 

The multilayer polymer stack may also comprise more than one type of 
polymer For example, one or more layers of a second polymer may be used to 
modify the elasticity or stiffiiess of the rolled electroactive polymer layers. This 
10 polymer may or may not be active in the charging/discharging during the actuation. 
When a non-active polymer layer is employed, the number of polymer layers may be 
odd. The second polymer may also be another type of electroactive polymer that 
varies the performance of the rolled product. 

In one embodiment, the outermost layer of a rolled electroactive polymer does 
15 not comprise an electrode disposed tiiereoiL This may be done to provide a layer of 
mechanical protection, or to electrically isolate electrodes on the next inner layer. For 
example, inner and outer layers and surface coating may be selected to provide fluid 
compatibility as previously described. The multiple layer characteristics described 
above may also be appUed non-roUed electroactive polymas, such as EPAM 
20 diq)hragms previously described. 

Device 20 provides a compact electroactive polymer device structure and 
improves overall electroactive polymer device performance over conventional 
electroactive polymer devices. For example, the multilayer structure of device 20 
modulates the overall spring constant of the device relative to each of the individual 
25 polymer layers. In addition, the increased stiffiiess of the device achieved via spring 
24 increases the stiffiiess of device 20 and allows for fester response in actuation, if 
desued. 

In a specific embodiment, spring 24 is a compression spring such as catalog 
number 1 1422 as provided by Century Spring of Los Angeles, CA. This spring is 
30 characterized by a spring force of 0.91 Ib/inch and dimensions of 4.38 inch firee 
length, 1.17 inch soUd length, 0.360 inch outside diameter, 0.3 inch inside diameter. 
M this case, rolled electroactive polymer device 20 has a hei^t 36 fijom about 5 to 
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about 7 cm, a diameter 37 of about 0.8 to about 1.2 cm, and an active region between 
end pieces of about 4 to about 5 cm. The polymer is characterized by a 
circumferential prestrain &om about 300 to about 500 percent and axial prestrain 
(including force contributions by spring 24) from about 150 to about 250 percent. 
5 Although device 20 is illustrated with a single spring 24 disposed internal to 

the rolled polymer, it is understood that additional structures such as another spring 
external to the polymer may also be used to provide strain and prestrain forces. These 
external structures may be attached to device 20 using end pieces 27 and 28 for 
example. 

10 FIG. 4F illustrates a bending transducer 1 50 for providing variable stif&ess 

based on structural changes in accordance with one embodiment of the present 
invention. In this case, transducer 150 varies and controls stiffiiess in one direction 
using polymer deflection in another direction. In one embodiment, this device may 
be used a vane in a flmd flow as described witii respect to FIGs. 2K and 2L. 
15 Transducer 150 includes apolymer 151 fixed at one end by a rigid support 152. 
Attached to polymer 151 is a flexible thin material 153 such as polyimide or mylar 
using an adhesive layer, for example. The flexible thin material 153 has a modulus of 
elasticity greater than polymer 151. The difference in modulus of elasticity for the 
top and bottom sides 156 and 157 of transducer 150 causes Ihe transducer to bend 
20 upon actuation. Electrodes 154 and 155 are attached to the opposite sides of the 
polymer 151 to provide electrical communication between polymer 151 and control 
electronics used to control transducer 150 deflection. Transducer 150 is not planar 
but rather has a slight curvature about axis 160 as shown. Direction 160 is defined as 
rotation or bending about a Une extending axially firom rigid support 152 through 
25 polymer 151. This curvature makes transducer 150 stiff in response to forces applied 
to the tip along any of the directions indicated by the arrows 161. In place of, or in 
addiction to forces, torques may be applied to the transducer. These torques may be 
£5)plied about the axis indicated by the arrows of directions 161a and 161b. 

FIG. 4G illustrates transducer 150 with a deflection in direction 161b that is 
30 caused by the appUcation of a voltage to he electrodes 154 and 155. The voltage is 
j5)pUed to allow the bendmg forces to overcome the resistance presented by the 
curvature in the unactuated state. Eflfectively, the transducer 1 52 bends with a kink 
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caused by the initial curvature. In this state, the stiffiiess in response to the forces or 
torques indicated by directions 161 is much less. 

A mechanical interface maybe attached to the distal portion 159 of transducer 
150. Alternately, mechanical attachment may be made to the flexible thin material 
153 to allow transducer 150 implementation in a mechanical device. For example, 
transducer 150 is well suited for use in j^jplications such as li^twei^t space 
structures where folding of the structure, so that it can be stowed and deployed, is 
useful. In this example, the stiff conditian of individual transducers (which form ribs 
in the structure) occurs when flie stnicture is deployed. To allow fiar stowing, the 
transducers are actuated and the ribs may be bent. In another application, the 
transducers form ribs in the sidewall of pneumatic tires. In this application, the 
change in the stiffaess of the ribs can affect the stif&iess of the tires and thus the 
resultant handling of the vehicle that uses the tires. Similarly, the device may be 
implemented in a shoe and the change in stifBoiess of the ribs can affect tiie stiffiiess of 
the shoe. 

Transducer 150 provides one example where achiation of an electroactive 
polymer causes low-energy changes in configuration or shape that affects stiffiiess of. 
a device. Using this technique, it is indeed possible to vary stiffiiess using transducer 
150 at greater levels than direct mechanical or electrical energy control, hi another 
embodiment, deflection of an electroactive polymer transducer directly contributes to 
the changing stiffiiess of a device that the transducer is configured within. 

FIG. 4H illustrates a bow device 200 suitable for providing variable stiffiiess 
in accordance with another embodiment of the present invention. Bow device 200 is 
a planar mechanism comprising a flexible frame 202 attached to a polymer 206, The 
frame 202 includes six rigid members 204 pivotally connected at joints 205. The 
members 204 and joints 205 couple polymer deflection in a planar direction 208 into 
mechanical output in a perpendicular planar direction 210. Bow device 200 is in a 
resting position as shown m FIG. 4H. Attached to opposite (top and bottom) surfeces 
of the polymer 206 are electrodes 207 (bottom electrode on bottom side of polymer 
206 not shown) to provide electrical communication with polymer 206. FIG. 41 
illustrates bow device 200 after actuation. 
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In the resting position of FIG. 4H, rigid members 204 provide a large stiffiiess 
to forces 209 in direction 208, according to their material stiffiiess. However, for the 
position of bow device 200 as shown in FIG. 41, the stiffiiess in direction 208 is based 
on the compliance of polymer 202 and any rotational elastic resistance provided by 

5 joints 205. Thus, control electronics in electrical communication with electrodes 207 
may be used to ^ly an electrical state that produces deflection for polymer 206 as 
shown in FIG. 4H, and its corresponding high stiffaess, and an electrical state that 
produces deflection for polymer 206 as shown in FIG. 41, and its corresponding low 
stif&iess. In this, simple on/off control may be used to provide a large stif6iess 

10 change using device 200. 

In addition to stifBoess variation achieved by varying the configuration of rigid 
members in device 200, stiffiiess for the position of HG. 41 may additionally be 
varied using one of the open or closed loop stifEaess techniques described in detail in 
co-pending U.S. ^Ucation no.10/053, 511, filed on January 16, 2002, by Kombluh, 
15 et aland tided •'Variable Stiffiiess Electroactive Polymers, which is incorporated 
herein in its entirety and for all purposes. 
3.2 MULTIPLE ACTIVE AREAS 

In some cases, electrodes cover a limited portion of an electroactive polymer 
relative to the total area of the polymer. This may be done to prevent electrical 
20 breakdown around the edge of a polymer, to allow for polymer portions to facilitate a 
rolled construction (e.g., an outside polymer barrier layer), to provide 
multifimctionality, or to achieve customized deflections for one or more portions of 
the polymer. As the term is used herein, an active area is defined as a portion of a 
transducer comprising a portion of an electroactive polymer and one or more 
25 electrodes that provide or receive electrical energy to or from the portion. The active 
area may be used for any of tiie functions described below. For actuation, the active 
area mcludes a portion of polymer havmg sufficirait electrostatic force to enable 
deflection of the portion. For generation or sensing, the active area includes a portion 
of polymer having sufficient deflection to raiable a change in electrostatic energy. A 
30 polymer of the present invention may have multiple active areas. 

In accordance with the present invention, the term "monolithic" is used herein 
to refer to electroactive polymers and transducers comprising a plurality of active 
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areas on a single polymer. FIG. 4J iUnstrates a monolithic transducer 150 comprising 
a plurality of active areas on a single polymer 15 1 in accordance with one 
embodiment of the present invention. The monolithic transducer 150 converts 
between electrical energy and mechanical energy. The monolithic transducer 150 
comprises an electroactive polymer 151 having two active areas 152a and 152b. 
Polymer 1 5 1 may be held in place using, for example, a rigid ftame (not shown) 
attached at the edges of the polymer. Coupled to active areas 152a and 152b are 
wires 153 that allow electrical communication between active areas 152a and 152b 
and allow electrical communication with communication electronics 155. 

Active area 152a has top and bottom electrodes 154a and 154b liiat are 
attached to polymer 151 on its top and bottom surfeces 151c and 1514 respectively. 
Electrodes 154a and 154b provide or receive electrical energy across a portion 151a 
of the polymer 151. Portion 151a may deflect with a change in electric field provided 
by the electrodes 154a and 154b. For actuation, portion 151a comprises the polymer 
151 between the electrodes 154a and 154b and any otherportions of thepolymec 151 
having sufficient electrostatic force to enable deflection upon application of voltages 
using the electrodes 154a and 154b. When active area 152a is used as a generator to 
convert firom electrical energy to mechanical energy, deflection of the portion 151a 
causes a change m electric field in the portion 151a that is received as a change in 
3 voltage difference by the electrodes 154a and 154b. 

Active area 152b has top and bottom electrodes 156a and 156b that are 
attached to the polymer 151 on its top and bottom surfaces 151c and 151d, 
respectively. Electrodes 156a and 156b provide or receive electrical energy across a 
portion 151b of the polymer 151. Portion 151b may deflect with a change in electric 
5 field provided by the electrodes 1 56a and 1 56b. For actuation, portion 15 lb 
comprises the polymer 151 between the electrodes 156a and 156b and any other 
portions of the polymer 151 having sufficient stress induced by the electrostatic force 
to enable deflection upon application of voltages using the electrodes 156a and 156b. 
When active area 152b is used as a generator to convert firom electrical energy to 
\Q mechanical energy, deflection of the portion 151b causes a change in electric field in 
the portion 151b that is received as a change in voltage difference by the electrodes 
156a and 156b. 



48 



wo 03/107523 PCT/US03/07115 

Active areas for an eleclroactive polymer may be easily patterned and 
configured using conventional eleclroactive polymer electrode febrication techniques. 
Multiple active area polymers and transducers are lairther described in 09/779^03, 
which is incorporated herein by reference for all purposes. CHven the ability to 
pattern and independently control multiple active areas allows rolled transducers of 
the present invention to be employed in many new appUcations; as weU as employed 
in existing applications in new ways. 

FIG. 4K iUustiates a monolithic tiansducer 170 comprismg a plurality of 
active areas on a single polymer 172, before rolUng, in accordance with one 
embodiment of tiie present invention, hi present invention, the monohthic transducer 
170 may be utilized in a rolled or unrolled configuration. Transducer 170 comprises 
individual electrodes 174 on the fiacing polymer side 177. The opposite side of 
polymer 172 (not shown) may include individual electrodes that correspond in 
location to elecbx)des 174, or may include a common electrode that spans in area and 
; services multiple or all electrodes 174 and simplifies electrical communication. 
Active areas 176 then comprise portions of polymer 172 between each individual 
electrode 174 and the electrode on the opposite side of polymer 172, as determmed by 
tiie mode of operation of tiie active area. For actuation for example, active area 176a 
for electrode 174a includes a portion of polymer 172 having sufficient elecbx)static 
0 force to enable deflection ofthe portion, as described above. 

Active areas 176 on tiansducer 170 may be configured for one or more 
fimctions. In one embodiment, all active areas 176 are all configured for actiiation. 
In another embodiment suitable for use with robotic appUcations, one or two active 
areas 176 are configured fi>r sensing while the remaining active areas 176 are 
15 configured for actuatioa Ih this manner, a rolled electroactive polymer device using 
transducer 170 is capable of both actuation and sensing. Any active areas designated 
for sensing may each include dedicated wiring to sensing elecbwnics, as described 
below. 

At shown, electrodes 174a-d each include a wire 175a-d attached thereto that 
30 provides dedicated external electrical communication and pemiits individual contirol 
for each active area 176a-d. Elechxtdes 174e-i are all electiical communication with 
common electrode 177 and wire 179 that provides common electiical communication 
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with active areas 176e-i. Common electrode 177 simplifies electrical coimnunication 
with multiple active areas of a rolled electroactive polymer that are employed to 
operate in a similar maraier. In one embodunent, common electrode 177 comprises 
aluminum foil disposed on polymer 172 before rolling. In one embodiment, common 
eleclTode 177 is a patterned electrode of similar material to that used for electrodes 
174a-i, e.g., carbon grease. 

For example, a set of active areas may be employed for one or more of 
actuation, generation, sensing, changing the stiffiiess and/or damping, or a 
combination thereof. Suitable electrical control also allows a single active area to be 
used for more than one fimctioa For example, active area 174a may be used for 
actuation and variable stifi&iess control of a fluid conduit. The same active area may 
also be used for generation to produce electrical energy based on motion of tiie fluid 
conduit. Suitable electronics for each of these fiinctions are described in further detail 
below. Active area 174b may also be flexibly used for actuation, generation, sensing, 
changing stiffiiess, or a combination thereot Energy generated by one active area 
may be provided to another active area, if desired by an spp^csHan. Thus, rolled 
polymers and transducers of the present invention may include active areas used as an 
actuator to convert from electrical to mechanical energy, a generator to convert from 
mechanical to electrical energy, a sensor Ihat detects a parameter, or a variable 
stiffixess and/or damping device that is used to control stiffiiess and/or damping, or 
combinations thereof 

In one embodiment, multiple active areas employed for actuation are wired in 
groups to provide graduated electrical contix)! of force and/or deflection output from a 
rolled electroactive polymer device. For example, a rolled electroactive polymer 
transducer many have 50 active areas in which 20 active areas are coupled to one 
common electrode, 10 active areas to a second common electrode, another 10 active 
areas to a third common electrode, 5 active areas to a fourth conmion electrode in the 
remaining five individually wired. Suitable computer management and on-off control 
for each common electrode then allows graduated force and deflection control for the 
rolled transducer using only binary on/off switching. The biological analogy of this 
system is motor units found in many mammaUan muscular control systems. 
Obviously, any number of active areas and common electrodes may be implemented 
in ttiis manner to provide a suitable mechanical output or graduated control system. 
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3.3 MULTIPLE DEGREE OF FEIEEDOM DEVICES 

la another embodiment, multiple active areas on an electroactive polymer are 
disposed such subsets of the active areas radially align after rolling. For example, the 
multiple the active areas may be disposed such that, after rolling, active areas are 
disposed every 90 degrees in the roll. These radially aligned electrodes may then be 
actuated in unity to allow multiple degree of freedom motion for a rolled electroactive 
polymer device. Similarly, multiple degrees of freedom maybe obtained for unrolled 
electroactive polymer devices, such as those described with respect to FIGs. 4F and 
4G. Thus, the rolled polymer devices are one embodiment of multi degrees of 
freedom that may be obtained with transducer configuration of the present invention. 

FIG. 4L illustrates a rolled transducer 180 capable of two-dimensional output 
in accordance with one environment of &e present invention. Transducer 180 
comprises an electroactive polymer 182 rolled to provide ten layers. Each layer 
comprises four radially aligned active areas. The center of each active area is 
disposed at a 90 degree increment relative to its neighbor. FIG. 4L shows the 
outermost layer of polymer 182 and radially ahgned active areas 184, 186, and 188, 
which are disposed such that their centors mark 90 degree increments relative to each 
other. A fourfli radially aligned active area (not shown) on the backside of polymer 
182 has a center approximately situated 180 degrees from radially aligned active area 
186. 

Radially aligned active area 184 may include common electrical 
communication with active areas on inner polymer layers having the same radial 
aUgnment. Likewise, the other three radially aligned outer active areas 182, 186, and 
the back active area not shown, may include common electrical communication with 
their inner layer counterparts. In one embodiment, transducer 180 comprises four 
leads that provide common actuation for each of the four radially aligned active area 
sets. 

FIG. 4M iUustiates transducer 180 with radially aligned active area 188, and 
its corresponding radially aligned inner layer active areas, actuated. Actuation of 
) active area 1 88, and corresponding mner layer active areas, results in axial expansion 
of tiansducer 188 on the opposite side of polymer 182. TTie result is lateral balding 
of transducw 180, J^yproximately 180 degrees from the center point of active area 
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1 88. The effect may also be measured by the deflection of a top portioii 189 of 
transducer 180, which traces a radial arc from the resting position shown in FIG. 4L 
to his position at shown in FIG. 4M. Varying the amount of electrical energy 
provided to active area 188, and corresponding inner layer active areas, controls the 
5 deflection of the top portion 189 along this arc. Thus, top portion 189 of transducer 
1 80 may have a deflection as shown in FIG. 4L, or greater, or a deflection minimally 
away from the position shown in FIG. 4L. Similar bending in an another direction 
may be achieved by actuating any one of the other radially aligned active area sets. 
Conibining actuation of the radially aligned active area sets produces a two- 
10 dimensional space for deflection of top portion 189. For example, radially aligned 
active area sets 186 and 184 may be actuated simultaneously to produce deflection fi>r 
the top portion in a 45 degree angle corresponding to the coordinate system shown m 
FIG. 4L. Decreasing the amount of electrical energy provided to radially aligned 
active area set 186 and increasing Has amount of electrical energy provided to radially 
15 aligned active area set 184 moves top portion 189 closer to the zero degree mark. 
Suitable electrical control then allows top portion 189 to trace a path for any angle 
from 0 to 360 degrees, or follow variable paths in this two dhnensional space. 

Transducer 180 is also capable of three-dimensional deflection. Simultaneous 
actuation of active areas on all four sides of transducer 180 will move top portion 189 
20 upward. In other words, transducer 180 is also a linear actuator capable of axial 
deflection based on simultaneous actuation of active areas on all sides of transducer 
180. Couphng this linear actuation with the differential actuation of radially aligned 
active areas and their resulting two-dimensional deflection as just described above, 
results in a three dhnensional deflection space for the top portion of transducer 180. 
25 Thus, suitable electrical control allows top portion 189 to move both up and down as 
well as trace two-dimensional paths along this linear axis. 

• Although transducer 1 80 is shown for sunplicity with four radially aligned 
active area sets disposed at 90 degree inaremaats, it is understood that transducers of 
the present invention capable of two- and three-dunensional motion may comprise 
30 more complex or alternate designs. For example, eight radially aligned active area 
sets disposed at 45 degree increments. Alternatively, three radially aligned active 
area sets disposed at 120 degree inoiements may be suitable for 2D and 3-D motioiL 
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In addition, although transducer 180 is shown with only one set of axial active 
areas, the structure of FIG. 4L is modular. In other words, the four radially aUgned 
active area sets disposed at 90 degree increments may occur multiple times in an axial 
direction. For example, radially aligned active area sets that allow two- and three- 
dimensional motion may be rqpeated ten times to provide a wave pattem that may be 
impressed on a fluid flow. 



4. SENSING 

Electroacdve polymers of the present invention may also be configured as a 
sensor. Generally, electroactive polymer sensors of this invention detect a 
"parameter" and/or changes in the parameter. The parameter is usually a physical 
property of an object such as its temperature, density, strain, deformation, velocity, 
location, contact, acceleration, vibration, volume, pressure, mass, opacity, 
concentration, chemical state, conductivity, magnetization, dielectric constant, size, 
etc. In some cases, the parameter being sensed is associated with a physical "event". 
The physical event that is detected may be the attainment of a particular value or state 
of a physical or chemical property. 

An electroactive polymer sensor is configured such that a portion of tihe 
electroactive polymer deflects in response to the change in a parameter being sensed. 
The electrical energy state and deflection state of the polymer are related. The 
change in electrical energy or a change in the electrical impedance of an active area 
resulting fiom the deflection may then be detected by sensing electronics in electrical 
communication with the active area electrodes. This change may comprise a 
capacitance change of the polymer, a resistance change of the polymer, and/or 
resistance change of the electrodes, or a combination thereof Electronic circuits in 
electrical communication with electrodes detect the electrical property change. If a 
change m capacitance or resistance of tiie transducer is being measured for example, 
one applies electrical ^ergy to electrodes included in the transducer and observes a 
change in the electrical parameters. 

In one embodiment, deflection is input into an active area sensor in some 
manner via one or more coupling mechanisms. In one embodiment, the changing 
property or parameter bemg measured by the sensor corresponds to a changuig 
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property of the electroactive polymer, e.g. displacement or size changes in the 
polymer, and no coupling mechanism is used. Sensing electronics in electrical 
conmmnication with flie electrodes detect change output by the active area. In some 
cases, a logic device in electrical communication with sensing electronics of sensor 
5 quantifies the electrical change to provide a digital or other measure of the changiiig 
parameter bemg sensed. For example, the logic device may be a sangle chip computer 
or microprocessor that processes information produced by sensing electronics. 
Electroactive polymer sensors are fiirther described in 10/007,705, which is 
incorporated herein by reference for all purposes. 
10 An active area may be configured such that sensing is performed 

simultaneously with actuation of the active area. For a monolithic transducer, one 
active area may be responsible for actuation and another for sensing. Alternatively, 
the same active area of a polymer may be responsible for actuation and sensing. In 
this case, a low aroplitude, high fisquency AC (sensing) signal may be siq)erimposed 
15 on the driving (actuation) signal. For example, a 1000 Hz sensing signal may be 
superimposed on a lOHz actuation signal. The driving signal will depend on the 
application, or how fast ttie actuator is moving, but driving signals in the range fix)m 
less than 0.1 Hz to about 1 million Hz are suitable for many applications, hi one 
embodiment, the sensing signal is at least about 10 times faster than the motion being 
20 measured. Sensmg electronics may then detect and measure the high frequency 
response of the polymer to allow sensor performance that does not interfere with 
polymer actuation. Similarly, if impedance changes are detected and measured while 
the electroactive polymer transducer is being used as a generator, a small, high- 
frequency AC signal may be superimposed on the lower-frequency generation voltage 
25 signal. Filtering techniques may then separate the measurement and power signals. 

Active areas of the present invention may also be configured to provide 
variable stiffiiess and damping fimctions. In one embodiment, open loop techniques 
are used to control stiffiiess and/or damping of a device employing an electroactive 
polymer transducer; thereby providing simple designs that deUver a desired stiffiiess 
30 and/or damping performance without sensor feedback. For example, control 

electronics in electrical communication with electrodes of the transducer may supply 
a substantially constant charge to the electrodes. Alternately, the control electronics 
may supply a substantially constant voltage to the electrodes. Systems employing an 
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electroactive polymer transducear offer several teclmiques for providing stiffiiess 
and/or damping control. An exemplary circuit providing stifi&iess/damping control is 
provided below. 

While not described in detail, it is important to note that active areas and 
5 transducers in all Ae figures and discussions for liie present invention may convert 
between electrical energy and mechanical energy bi-directionally (with suitable 
electronics). Thus, any of the rolled polymers, active areas, polymer configurations, 
transducers, and devices described herein may be a transducer for converting 
mechanical energy to electrical energy (generation, variable stifiBaess or damping, or 
10 sensing) and for converting electrical energy to mechanical energy (actuation, 
variable stifBiess or dampmg, or sensing). Typically, a generator or sensor active 
area of the present invention comprises a polymer arranged ui a manner that causes a 
change in electric field in response to deflection of a portion of tte polymer. The 
change in electric field, along vdth changes in the polymer dimension m the direction 
15 of the field, produces a change in voltage, and hence a change in electrical energy. 
Often the transducer is employed within a device that comprises other 
structural and/or functional elements. For example, extemal mechanical energy may 
be input into the transducer in some manner via one or more mechanical transmission 
couphng mechanisms. For example, the transmission mechanism may be designed or 
20 configured to receive flow-generated mechanical energy and to transfer a portion of 
the flow-generated mechanical energy to a portion of a polymer where the transferred 
portion of the flow generated mechanical energy results in a deflection in the 
transducer. The flow-generated mechanical energy may produce an mertial force or a 
direct force where a portion of the inertial force or a portion of the direct force is 
25 received by the transmission mechanism. 



5. CONDITIONING ELECTRONICS 

Devices of the present invaition may also rely on coiuiitioning eledxonics that 
provide or receive electrical energy fix>m electrodes of an active area for one of the 
30 electroactive polymer functions mentioned above. Conditioning electronics in 

electrical communication with one or more active areas may include functions such as 
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stifBiess control, energy dissipation, electrical energy generation, polymer actuation, 
polymer deflection saising, control logic, etc. 

For actuation, electronic drivers may be connected to the electrodes. The 
voltage provided to electrodes of an active area will depend upon specifics of an 
5 application. In one embodiment, an active area of the present invention is driven 
electrically by modulating an applied voltage about a DC bias voltage. Modulation 
about a bias voltage allows for improved sensitivity and linearity of the transducer to 
the applied voltage. For example, a transducer used in an audio application may be 
driven by a signal of up to 200 to 1 GO volts peak to peak on top of a bias voltage 
10 ranging from about 750 to 2000 volts DC. 

Suitable actuation voltages for electroactive polymers, or portions thereof, 
may vary based on the material properties of the electroactive polymer, such as the 
dielectric constant, as well as the dimensions of the polymer, such as the thickness of 
the polymer fihn. For example, actuation electric fields used to actuate polymer 12 in 
15 Figure 2A may range in magnitude fixnn about 0 V/m to about 440 MV/m. Actuation 
electric fields in this range may produce a pressure in the range of about 0 Pa to about 
10 MPa. In order for the transducer to produce greater forces, the thickness of the 
polymer layer may be increased. Actiiation voltages for a particular polymer may be 
reduced by increasing the dielectric constant, decreasing the polymer thickness, and 
20 decreasing the modulus of elasticity, for example. 

FIG. 4N illustoates an electrical schematic of an open loop variable 
stif&iess/daniping system in accordance with one embodiment of flie present 
invention. Systran 130 comprises an electroactive polymer transducer 132, voltage 
source 134, control electronics comprising variable stifihess/damping circuitry 136 
25 and open loop control 138, and buffer capacitor 140. 

Voltage source 1 34 provides the voltage used in system 130. In this case, 
voltage source 134 sets the Tninimiim voltage for transducer 132. Adjusting this 
minimum volte^e, together with open loop control 138, adjusts the stiffiiess provided 
■ by transducer 132. Voltage source 134 also supplies charge to system 130. Voltage 
30 source 134 may include a commercially available voltage supply, such as a low- 
voltage battery that supplies a voltage in the range of about 1-15 Volts, and step-up 
circuitry that raises the voltage of the battery. In this case, voltage step-down 
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perfonnedby step-down circuitry in electrical commumcation with the electrodes of 
transducer 132 may be tised to adjust an electrical output voltage from transducer 
132. Alternately, voltage source 134 may include a variable stq)-up circuit that can 
produce a variable voltage output j&om the battery. As will be described in 
further detail below, voltage source 134 may be used to apply a threshold electric 
field as described below to operate the polymer in a particular stifBiess regime. 

The desired stifBiess or damping for system 130 is controlled by variable 
stiffiiess/damping circuitry 136, which sets and changes an electrical state provided 
by control electronics in system 130 to provide the desired stifBiess/damping ^Ued 
by transducer 1 32. In this case, stiffiiess/damping circuitry 36 mpxAs a desired 
voltage to voltage source 134 and/or inputs a parameter to open loop control 138. 
Alternately, if step-up circuitry is used to raise the voltage source 134, circuitry 136 
may input a signal to the step-up circuitry to permit voltage control. 

As transducer 132 deflects, its changnig voltage causes charge to move 
between transducer 132 and buffer capacitor 140. Thus, externally induced 
e3q)ansion and contraction of transducer 132, e.g., from a vibrating mechanical 
interfece, causes charge to flow back and forth between transducer 132 and buffer 
capacitor 140 through open loop control 138. The rate and amount of charge moved 
to or from transducer 132 depends on the properties of buffer capacitor 140, the 
voltage applied to transducer 132, any additional electrical con:q)onents in the 
electrical circuit (such as a resistor used as open loop control 138 to provide damping 
functionality as current passes there through), the mechanical configuration of 
transducer 132, and the forces applied to or by transducer 132. In one embodiment, 
buffer capacitor 140 has a voltage substantially equal to that of transducer 132 for 
zero displacement of transducer 132, the voltage of system 130 is set by voltage 
source 134, and open loop control 138 is a wire; resulting in substantially firee flow of 
charge between transducer 132 and buffer capacitor 140 for deflection of transducer 
132. 

Open loop control 138 provides a passive (no external energy supplied) 
dynamic response for stifBiess applied by transducer 132. Namely, the stifBiess 
provided by transducer 132 may be set by the electrical components included in 
system 130, such as the control electronics and voltage source 134, or by a signal 
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ftom control circuitry 136 acting upon one of the electrical components. Either way, 
liie response of transducer 132 is passive to the ejctemal mechanical deflections 
imposed on it. In one embodiment, open loop control 138 is a resistor. One can also 
set Hoe resistance of the resistor to provide an RC time constant relative to a time of 
interest, e.g., a period of oscillation in the mechanical system that the transducer is 
implemented in. In one embodiment, the resistor has a high resistance such that the 
RC time constant of open loop control 138 and transducer 132 connected in series is 
long compared to a frequency of interest. In this case, the transducer 132 has a 
substantially constant charge during the time of interest. A resistance that produces an 
RC time constant for the resistor and the transducer in the range of about 5 to about 
30 times the period of a frequency of interest may be suitable for some applications. 
For apphcations including cycUc motion, increasing the RC time constant much 
greater than the mechanical periods of interest aUows tiie amount of charge on 
electrodes of transducer 132.to remain substantially constant during one cycle. In 
cases where the tiansducer is.used fijr damping, a resistance that produces an RC time 
constant for the resistor and the tansducer m tiie range of about 0.1 to about 4 times 
tiie period of a frequency of interest may be suitable. As one of skill in the art will 
appreciate, resistances used for the resistor may vary based on appUcation, 
particularly with respect to tiie frequency of interest and flie size (and therefore 
c^adtance C) of the transducer 132. 

In one embodiment of a suitable electiical state used to control stiffiiess and/or 
danq)ing using open loop techniques, the canti»l electronics apply a substantially 
constant charge to electrodes of tiansducer 132, aside from any electiical 
imperfections or circuit details tiiat minimally affect current flow. The substantially 
constant charge results in an increased stifBiess for the polymer that resists deflection 
of ti:ansducer 132. One electrical configuration suitiible for achieving substantially 
constant charge is one tiiat has a high RC time constant, as described. When tiie 
value of tiie RC time constant of open loop control 138 and transducer 132 is long 
compared to the frequency of interest, tiie charge on tiie electrodes for transducer 132 
is substantially constant Further description of stiffiiess and/or damping control is 
fiirther described in commonly owned patent plication 10/053,511, which is 
described herein for all purposes. 
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For generation, mechanical energy may be applied to the polymer or active 
area in a mamier that allows electrical energy changes to be removed from electrodes 
in contact with the polymer. Many methods for applying mechanical aaargy and 
removing an electrical energy change fiom the active area are possible. Rolled 
devices may be designed that utilize one or more of these methods to receive an 
electrical energy change. For generation and sensing, the generation and utilization of 
electrical energy may require conditionmLg electronics of some type. For instance, at 
the very least, a TniniTminn amount of circuitry is needed to remove electrical energy 
firom the active area. Further, as another example, circuitry of varying degrees of 
complexity may be used to increase the efficiency or quantity of electrical generation 
in a particular active area or to convert an output voltage to a more useful value. 

FIG. 5A is block diagram of one or more active areas 600 on a transducer that 
connected to power conditioning electronics 610. Potential functions that may be 
performed by the power conditioning electronics 610 include but are not limited to 1) 

15 voltage step-up performed by step-up circuitry 602, which may be used when. 
applying a voltage to active areas 600, 2) charge control performed by the charge 
control circuitry 604 which maybe used to add or to remove charge from the active 
areas 600 at certain times, 3) voltage step-down performed by the step-down circuitry 
608 which may be used to adjust an electrical output voltage to a transducer. All of 

20 these functions may not be required in the conditioning electronics 610. For instance, 
some transducer devices may not use step-up circuitry 602, other transducer devices 
may not use step-down circuitry 608, or some transducer devices may not use step-up 
circuitry and stqp-down circuitry. Also, some of the circuit fimctions may be 
integrated. For instance, one integrated circuit may perform the fimctions of both the 

25 stq)-iq) circuitry 602 and the charge control circuitry 608. 

FIG. 5B is a circuit schematic of an rolled device 603 employing a transducer 
600 for one embodiment of the present invention. As described above, transducers of 
the present invention may behave electrically as variable cq)acitors. To understand 
the operation of the transducer 603, operational parameters of the rolled transducer 
30 603 at two times, ti and tj may be compared. Without wishing to be constrained by 
any particular theory, a number of tbeoretical relationships regarding the electrical 
performance the generator 603 are developed. These relationships are not meant in 
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aay manner to limit the manner in which the described devices are operated and are 
provided for illustrative purposes only. 



At a first time, tj, rolled transducer 600 may possess a capacitance, Ci, and the 
voltage acrossthetraosducer 600 may be voltage 601, Vb- The voltage 601, Vb, may 

5 be provided by the step-up circuitry 602. At a second time t2, later than time ti, the 
transducer 600 may posses a C85)acitance C2 which is lower ttian the capacitance Ci. 
Generally spealdng, the higher capacitance CI occurs when the polymer transducer 
600 is stretched in area» and the lower c^adtance C2 occurs when the polymer 
transducer 600 is contracted or relaxed in area. Without wishing to bound by a 

1 0 particular theory, the change in c^acitance of a polymer film with electrodes may be 
estimated by well known formulas relating flie capacitance to the fihn's area, 
thickness, and dielectric constant 

The decrease in capacitance of the transducer 600 between ti and tz will 
increase the voltage across the tiansducer 600. The increased voltage may be used to 
15 drive current through diode 616. The diode 615 may be used to prevent charge fix)m 
flowing back into the step-uqp circuitry at such time. The two diodes, 615 and 616, 

function as charge control circuitry 604 for transducer 600 which is part of the power 
conditioning electronics 610 (see FIG. 5A). More complex charge control circuits 
may be developed depending on the configuration of the generator 603 and the one or 
20 more transducers 600 and are not limited to the design in FIG. 5B. 

A transducer may also be used as an electroactive polymer sensor to measure 
a change in a parameter of an object being sensed. Typically, the parameter change 
induces deflection in the transducer, which is converted to an electrical change output 
by electrodes attached to the transducer. Many methods for applyiag mechanical or 
25 electrical energy to deflect the polymer are possible. Typically, the sensing of 
electrical energy from a transducer uses electronics of some type. For instance, a 
Tnininnim amount of chcuitiy is needed to detect a change in the electrical state 
across tiie electrodes. 

FIG. 6 is a schematic of a sensor 450 employing a transducer 451 according 
30 to one embodiment of the present invention. As shown in FIG. 7, seosor 450 

comprises transducer 451 and various electronics 455 in electrical communication 
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with the electrodes included in the transducer 451 . Electronics 455 are designed or 
configured to add, remove, and/or detect electrical energy firom transducer 451. 
While many of the elements of electronics 455 are described as discrete units, it is 
understood that some of flie circuit functions may be integrated. For instance, one 
5 integrated circuit may perform the functions of bofli the logic device 465 and the 
charge control circuitry 457. 

In one embodiment, the transducer 451 is prepared for sensing by initially 
J5)plymg a voltage between its electrodes. In this case, a voltage, Vi, is provided by 
the voltage 452. Generally, Vi is less lhan the voltage required to actuate transducer 

10 451. In some embodiments, a low-voltage battery niay supply voltage, Vi, in the 
range of about 1-15 Volts. In any particular embodiment, choice of the voltage, Vi 
may depend on a number effectors such as the polymer dielectric constant, the size 
of the polymer, the polymer thickness, environmeotal noise and electromagnetic 
interference, compatibility with electronic circuits that might use or process the 

15 sensor information, etc. The initial charge is placed on transducer 45 1 iising 
electronics control sub-circuit 457. The electronics control sub-circuit 457 may 
typically include a logic device such as single chip computer or microcontroller to 
perform voltage and/or charge control functions on transducer 451. The electronics 
control sub-circuit 457 is then restponsible for altering the voltage provided by voltage 

20 452 to initially apply the relatively low voltage on transducer 45 1 . 

Sensing electronics 460 are in electrical communication with tiie electrodes of 
transducer 45 1 and detect the change m electrical energy or characteristics of 
ti^sducer 45 1. In addition to detection, sensing electronics 460 may include circuits 
configured to detect, measure, process, propagate, and/or record the change in 

25 electrical energy or characteristics of transducer 451. Electroactive polymer 
transducers of the present invention may behave electrically in several ways in 
response to deflection of the electroactive polymer transducer. Correspondingly, 
numerous sunple electrical measurement circuits and systems may be implemented 
within sensing electronics 460 to detect a change in electrical energy of transducer 

30 451 . For example, if transducer 451 oparates in capacitance mode, then a simple 
c^acitance bridge may be used to detect changes in transducer 451 capacitance. In 
another embodiment, a hi^ resistance resistor is di^osed in series with transducer 
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45 1 and tlie voltage drop across the high resistance resistor is measured as the 
transducer 451 deflects. More specifically, changes in transducer 451 voltage 
induced by deflection of the electroactive polymer are used to drive current across the 
high resistance resistor. The polarity of the voltage change across resistor then 
5 determines the direction of current flow and whether the polymer is e^qpanding or 
contracting. Resistance sensing techniques may also be used to measure changes in 
resistance of the polymer included or changes m resistance of the electrodes. Some 
examples of these techniques are described in commonly owned patent application 
10/007,705, which was previously incorporated by reference. 

10 

6. CONCLUSION 

While this invention has been described in terms of several preferred 
embodiments, there are alterations, permutations, and equivalents that fall within the 
scope of this invention which have been omitted for brevity's sake. For example, 

15 although the present mvention has been described in terms of several ^ecific 

electrode materials, the present invention is not limited to these materials and in some 
cases may include air as an electrode. In addition, although the present invention has 
been described in terms of circular rolled geometries, the present invention is not 
limited to these geometries and may include rolled devices with square, rectangular, 

20 or oval cross sections and profiles. It is therefiare intended that tiie scope of the 
invention should be determined with reference to the fended claims. 
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What is claimed is: 

1. A device for controlling fluid flow, the device comprising: 

one or more transducers, each transducer comprising at least two electrodes and an 
electroactive polymer in electrical commimication with the at least two electrodes wherein a 
portion of the electroactive polymer is arranged to deflect fiom a first position to a second 
position in response to a change in electric field; 

at least one surface in contact with a fltdd and operatively coupled to the one or more 
transducers wherein the deflection of the portion of the electroactive polymer causes a 
change in a characteristic of the fluid that is transmitted to the fluid via Ihe one surfece. 

2. The device of claim 1, wherein the characteristic of the fluid is selected from the 
group consisting of 1) a flow rate, 2) a flow direction, 3) a flow vorticity, 4) a flow 
momentum, 5) mixing, 6) flow turbulence, 7) fluid energy, 8) a fluid thermodynamic 
property, 9) a fluid rheological property. 

3. The device of claim 1, wherein the deflection of the portion of the electroactive 
polymer changes the one surface from a first sh^e to a second sh^e. 

4. The device of claim 1, wherem the one surfece is operatively coupled to the one or 
more transducers via a mechanical liiikage. 

5. The device of claim 1, wherein the one surfece includes the portion of the 
electroactive polymer. 

6. The device of claim 5, wherein the one surfece expands to form one of a balloon-like 
shape, a hemispherical shape, a cylinder shape, or a half-cyUnder shape. 

7. The device of claim 1, wherein the fluid is one of compressible, incompressible or 
combinations thereof. 
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9. The device of claim 1, wherein the fluid is one of a Newtonian or a non-Newtonian 
fluid 



10. The device of claim 1, wherein the fluid is selected from the group consisting of a 

5 gas, a plasma, a Hquid, a mixture of two or more immiscible Uquids, a supercritical fluid, a 
slurry, a suspension, and combinations thereof. 

11. The device of claim 1, wherein the device is a valve. 

10 12. The device of claim 1, wherein the fluid flows over the one surfece. 

13. The device of claim 12, wherein the deflection of the portion of the dectroactive 
polymer changes a shape of the one suifiice to alter a property of a viscous flow layer of the 
fluid. 

15 . 

14. The device of claim 12, wherein the deflection of Has portion of the electroactive 
polymer changes a shape of the one surface to alter a property of an inviscid flow layer of the 
fluid. 

m 15. The device of claim 12, wherein the deflection of the portion of the electroactive 
polymer changes a shape of the one sur&ce to promote mixing of constituents in the fluid. 

16. The device of claim 1, wherein the deflection of the portion of the electroactive 
polymer changes a shape of the one surface to block the fluid flow. 

25 

17. The device of claim 1, wherein the deflection of the portion of the electroactive 
polymer results in a change in temperature of the one surface. 

18. The device of claim 1, wherein the deflection of the portion of the electroactive 
30 polymer causes a change in a sur&ce roughness of flie one sur&ce. 

19. The device of claim 1, wherem the one surfece further comprises an array of 
microscopic electroactive polymer elements and wherein a deflection of the microscopic 
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electroactive polymer elements fiom a first position to a second position changes a surface 
roughness of Ihe one surface. 



20. The device of claim 1, wherein iJie deflection of the portion of the electroactive 

S polymer causes the one surfece to stretch or contract to alter a relative smoothness of the one 
surface. 

21. The device of claim 20, wherein the relative smoothness of the one surfeces affects a 
drag on the fluid flow over the one surfece. 

10 

22. The device of claim 1 , further comprising a fluid conduit configured to allow fluid to 
flow from an inlet of the fluid conduit to an exit of the fluid conduit and pass over the one 
surface between the inlet and the exit and wherein a bounding surfece of the fluid conduit 
separates the fluid from an outer enviroimieiit. 

15 

23. The device of claim 22, wherein the one surface is includes the portion of the 
electroactive polymer and wherein tiie one suifiEice is a portion of the bounding surface of the 
fluid conduit 

20 24. The device ofclaim 22, wherem the deflection offhe portion of the electroactive 
polymer causes a change in a shape of the bounding sur£ice of the fluid conduit 

25 . The device of claim 24, wherem the shape of the bounding surface of the fluid 
conduit is changed to increase the distance the fluid travels fix>m the inlet to the exit 

25 

26. The device of claim 24, wherein the shape of die bounding surface of the fluid 
conduit is changed dynamically as a function of time. 

27. The device of claim 24, wherein the shape of the bounding surface of the fluid 
30 conduit is changed to increase or decrease a cross-sectional area of a section of the fluid 

conduit 

28. The device ofclaim 27, wherein a shape of the cross-sectional area is selected from 
the group consisting of circular, ovular, rectangular and polygonal. 
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29. The device of claim 22, wherein the bounding siirface of the fluid conduit is 
comprised of a rolled electroactive polymer transducer with a hollow center. 

5 30. The device of claim 22, wherein one or more transducers are arranged to deflect in a 
manner that pinches a section of the fluid conduit to block the fluid flow in the conduit. 

3 1 . The device of claim 30, wherein the one or more transducers are configured in a 
sleeve designed to fit over an outer perimeter of the section of the fluid conduit. 

10 

32. The device ofclaim 30, wherem the fluid conduit is one ofablood vessel or a human 
organ. 

33 . The device of claim 22, wherem the deflection in the portion of the electroactive 
15 polymer causes the one surface to expand to one of block, increase or decrease the flow in 

the fluid conduit 

34. The device of claim 22, wherein the deflection in the portion of the electroactive 
polymer causes the one sur&ce to expand to divert flow in the fluid conduit fijom a fiist 

20 chaimel to a second chaimel connected to the fluid conduit. 

3 5 . The device of claim 22, wherein a portion of the fluid conduit is a nozzle body for 
expanding the fluid from a throat area in the fluid conduit to an exit of the nozzle body. 

25 36. The device of claim 35, wherein the deflection in the portion of the electroactive 
polymer causes the nozzle body to expand or contract to change an expansion rate of the 
fluid in the nozzle body and a velocity profile of the fluid at the exit of the nozzle body. 

37. The device of claim 35, wherein the deflection of the portion of the electroactive 
30 polymer causes a cross sectional sh^e of the nozzle body to change &om a first shape to a 
second sh^e. 
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38. The device of claim 35, wherein the deflection of the portion of the electroactive 
polymer causes a ax>ss sectional shape of the throat area to change &om a first sh^e to a 
second shape. 

5 39. Hie device of claim 35, wherein the deflection of the portion of the electroactive 
polymer causes the nozzle body to bend to change a direction of the fluid exiting the nozzle. 

40. The device of claim 22, wherein shapes of two or more portions the bounding surface 
of tiie fluid conduit are changed indqpeadeotly in response to the deflection of the portion of 

.0 the electroactive polymer. 

41. The device ofclaim 22, wherein the deflection ofthe portion of the electroactive 
polymer causes a bounding surface ofthe polymer to rotate torsionally. 

.5 42. The device ofclaim l.furflier comprising one or more sensors connected to the 
device for measuring a property of the fluid. 

43. The device ofclaim 42, wherein the property ofthe fluid is selected ftom the group 
consisting of a temperature, a pressure, a density, a viscosity, a thermal conductivity, a flow 

to rate, and a concentration of a constituent ofthe fluid. 

44. The device of claim 1, further comprising one or more saisors connected to the 
device for monitoring one or more of the deflection of the portion ofthe polymer, a charge 
on the portion ofthe polymer, and a voltage across the portion ofthe electix)active polymer. 

15 

45. The device of claim 1, further comprising a logic device for at least one of: 1) 
controlling operation ofthe transducer, 2) monitoring one or more sensors, 3) communicating 
with other devices, and 4) combinations thereof. 

30 46. The device of claim 1 , fiirther comprising conditioning electronics designed or 
configured to perform one or more ofthe following fimctions for the one or more 
transducers: voltage step-up, voltage step-down and charge control. 
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47. The device of claim 1 , wherein the electroactive polymer comprises a material 
selected from the group consisting of a sihcone elastomer, an acryHc elastomer, a 
polyurethane, a copolymer comprising PVDF, and combinations thereof. 

48. The device of claim 1 , further comprising: 

an insulation barrier designed or configured to protect the one suri^e £rom 
constituents of the fluid in contact ^th the one surface. 

49. The device of claim 1, further comprising: 

one or more support structures designed or configured to attach to the one or more 
transducers. 

50. The device of claim 1, wherein the electroactive polymer is elastically pre-strained at 
the first position to improve a mechanical response of the electroactive polymer between the 
first position and second position. 

51. The device of claim 1, wherein the electroactive polymer has an elastic modulus 
below about 100 MPa 

52. The device of claim 1 , wherein the electroactive polymer has an elastic area strain of 
at least about 10 percent between the first position and the second position. 

53. The device of claim 1 , wherein the electroactive polymer comprises a multilayer 
structme. 

54. The device ofclaim 53, wherein the multilayer structure 
comprises two or more layers of electroactive polymers. 

55. The device ofclaim 1, wherein the device is a MEMS device. 



56. The device of claim 1 , wherein the one sui&ce is part of a sun^e of a vane for 
controlling a direction of the fluid flow. 
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57. The device of claim 56, wherein the deflection of the portion of the electroactive 
polymer changes an orientation of the vane. 



58. A valve comprising: 

5 one or more transducer, each transducer comprising at least two electrodes and an 

electroactive polymer in electrical communication with the at least two electrodes wherein a 
portion of the electroactive polymer is arranged to deflect from a first position to a second 
position in response to a change in electric field; 

an inlet and an exit for allowing a fluid to enter the valve and exit the valve; 

10 a flow path between the inlet and the exit that allows the fluid to pass through the 

valve; 

a structure operatively coupled to the one or more transducers wherein the deflection 
of the portion of the electroactive polymer causes an operating position of the structure to 
change and wherein a change in the operating position of the structure changes the flow patL 

15 

59. The valve of claim 58, wherein the structure is designed to have a first operating 
position and a second operadbag position. 

60. The valve of claim 59, wherein when the structure is in the first operating position, 

20 the flow path is closed and wherein when tiie structure is in the second operating position, the 
flow path is open. 

6 1 . The valve of claim 58, wherein the structmie is designed to have a plurality of 
operating positions. 

25 

62. The valve of claim 58, wherein the change in the operating position of the structure 
changes a cross-sectional area of the flow path for at least one location along the flow path. 

63. The valve of claim 58, further comprising: 

30 a valve seat wherein the deflection of the portion of the electroactive polymer causes 

the structure to contact the valve seat. 



64. The valve of claim 58, wherein the strachire fiirther comprises a fluid conduit that is a 
section of the flow patL 
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65. The valve of claim 64, wherein the valve is a ball valve and the structure is spherical 
in sh^e. 

S 66. The valve of claim 64, wherein the valve is a plug valve and the structure is plug- 
shaped. 

67. The valve of claim 64, wherein the deflection of tibe portion of the polymer causes the 
structure to rotate ftom a first operating position to a second operating position. 

10 

68. The valve of claim 67, wherein in the first operating position the fluid conduit is 
aligned with the flow path outside of the structure and the flow path tbrou^ the valve is 
open. 

15 69. The valve of claim 67, wherein in the second operating position the fluid conduit .is 
not aligned with the flow path outside of the structure and the flow path through the valve is 
blocked. 

70. The valve of claim 64, wherein the deflection of the portion of the electroactive 
20 polymer causes the structure to move linearly &om a first operating position to a second 

operating position. 

71 . The valve of claim 70, wheiein in the first operating position the fluid conduit is 
aligned with the flow path oiitside of the structure and the flow path through the valve is 

25 open. 

72. The valve of claim 70, wherein in the second operating position the fluid conduit is 
not aUgned with the flow path outside of the structure and the flow path through the valve is 
blocked. 

30 

73. The valve of claim 70, wherein the valve is a slot yalve and the fluid conduit is a slot, 

74. The valve of claim 58, wherein the valve is a dis^hragm valve and the structure is a 
diaphragm. 
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75. The valve of claim 58, wherein the valve is a di{q>hragm valve and the structure is tiie 
electroactive polymer in a shape of a di^hragm. 

S 76. The valve of claim 58, wherein the valve is a needle valve and the structure is a 
conical in sh^e. 

77. The valve of claim 58, wherdn the electroactive polymer is a part of the structure. 

10 78. The valve of claim 58, wherein the structure is an electroactive polymer roll. 

79. The valve of claim 58, wherein a section of the flow path is through Ihe center of the 
polymer roll. 

15 80. The valve ofclaim 58, wherein the portion ofthe electroactive polymer is a bounding 
sur&ce along the flow path. 

8 1 . The valve of claim 58, further comprising: 
one or more sensors. 

20 

82. The valve of claim 8 1 , wherein an input signal &om the one or more sensors is used. 
to determine the operating position of the structure. 

83. The valve of claim 58, wherein the valve is a multi-port valve and the operating 
25 position of the structure allows the flow path to align with one of a plurality of ports. 

84. The valve of claim 58, wherem the valve is selected &om. the group consisting of a 
check valve, a buttery fly valve, a pressure relief valve, a needle valve, a control valve, a slot 
valve, a rotary valve, a pinch valve, an engine in-take valve and an engme exhaust valve. 

30 

85. The valve of claim 58, further comprising a logic device for at least one of: 1) 
controlling operation of the valve, 2) monitoring one or more sensors, 3) communicating 
with other devices, and 4) combinations thereof 
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86. The valve of claim 58, further comprising conditioning electronics designed or 
configured to perform one or more of the following functions for the one or more 
transducers: voltage step-up, voltage step-down and charge control. 

5 87. The valve of claim 58, wherein the polymer comprises a material selected firom the 
group consisting of a silicone elastomer, an acrylic elastomer, a polyurethane, a copolymer 
comprising PVDF, and combinations thereof. 

88. The valve of claim 58, fiurther comprising: 

1 0 an insulation barrier designed or configured to protect the structure from constituents of the 
fluid in contact with the structure. 

89. The valve ofclaim 58, further comprising: 

one or more support structures designed or configiired to attadi to the one or more 
IS transducers. 

90. The valve of claim 58, wherein the electroactive polymer is elastically pre-strained at 
the first position to improve a mechanical response of the electroactive polymer between the 
first position and second position. 

20 

91 . The valve of claim 58, wherein the electroactive polymer has an elastic modulus 
below about 100 MPa 

92. The valve of claim 58, wherein the electroactive polymer has an elastic area strain of 
25 at least about 10 percent between the first position and the second position. 

93. The valve ofclaim 58, wherein the polymer conipiises a multilayer 
structure. 

30 94. The valve of claim 93, wherem the multilayer structure 
comprises two or more layers of electroactive polymers. 

95. The valve of claim 58, wherein the device is febricated on a semiconductor substrate. 
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96. The valve ofclaim 58, wherein lie deflection offhe portion of the electroactiv^ 
polymer changes tibe structure from a first shapo to a second sh£^e. 



97. The valve of claim 58, wherem the structure is operatively coupled to the one or more 
> transducers via a mechaaical linkage. 

98. The valve of claim 58, further conqnising: 

a force mechanism which provides a force in a direction opposite to a direction of a 
second force ^lied to the structure by the deflection of the portion of the electroactive 

) polymer. 

99. The valve of claim 98, wherein the force mechanism is a spring. 

100. The valve of claim 58, wherein the fluid is selected from the group consisting of a 
5 gas, a plasma, a liquid, a mixture of two or more immiscible liquids, a siq)ercritical fluid, a 

slurry, a suspension, and combinations thereof. 

101. The valve of claim 58, wherein the valve is used in an automobile system. 

0 102. The valve of claim 101, wherdn the valve the automobile system is selected from the 
group consisting of a fuel injection system, a coohng system, an air intake control system, a 
combustion system and an emission control s^^tem. 

103. The valve of claim 101, wherem the valve is used in a combustion system for 
15 providing variable valve timing. 
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